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This thesis focuses to explore the use of additive manufacturing (AM) techniques to 
fabricate various radio frequency (RF) devices. 3D printing, a term used for AM has 
evolved to the point where it is being introduced into various industries, one of these, 
discussed in this thesis is the fabrication of antennas for the aim to reduce 
manufacturing costs and time.  
The aim is to investigate the performance and reliability of a modified low-cost 3D 
printer to print plastic and metal simultaneously. Accordingly, this thesis will explore 
the use of two specific AM technologies employed in the fabrication of several types 
of antennas and surfaces: i.e. the Fused Deposition Modelling (FDM) method and a 
pneumatic micro dispensing technique for the conductive ink. The variety of antenna 
and surfaces that will be fabricated using this technique are a collection of patch 
antennas, dipole antenna and frequency selective surfaces. In addition, this thesis will 
address the design, fabrication and testing of the stated antennas covering a range of 
frequencies and their applications. Nonetheless, it is worth mentioning that this paper 
is not solely limited to the analysis of the two previously mentioned methods but also 
other addictive manufacturing technologies will be used and discussed in this project 
to reach a better understanding of the antennas fabrication process. 
In conclusion, the thesis aims to demonstrate the efficient performance and 
successful integration of economical 3D printing methods to design and produce 
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1.1 Introduction  
he realisation of a fully three-dimensional electronic circuit via the use of 
traditional fabrication techniques is complex, if not impossible, to achieve. 
The current techniques are limited to the use of a two-dimensional printed 
circuit board (PCB), which, along with being expensive, requires multiple processes 
which are time consuming. Furthermore, a copious and costly production is 
necessary for electronics to completely function. Nonetheless, thanks to the 
advancements of Additive Manufacturing (AM) or three-dimensional (3D) printing, 
these issues have been addressed and - for some - even completely overcome.  
3D printing has allowed some parameters to be extended such as a higher range of 
freedom along conformal surfaces and material customisation (i.e. the ability of 
embedded circuitry). Before 3D printing, the latter was thought to be unfeasible 
when compared to more traditional methods. In other words, 3D printing has 
developed diverse ranges of optimization towards radio frequency (RF) component 
design and fabrication.  
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1.2 Three-dimensional printing Overview 
he 3D printing is a term that originated from the process called rapid 
prototyping (RP) which is used to identify the task that quickly fabricates 
models using 3D computer aided design data (CAD). It is a form of AM, 
which was created as a way to represent and examine a design of an 
object before the production stage [1]. Previously, the manufacturing process used to 
be a subtractive process by using blocks of material and carving away until the 
desired shape was achieved, but this process was seen to be disadvantageous as it 
used expensive tools and wasted material in the process [1-2]. Over time, the 
capabilities to use additive manufacturing became apparent, with some calling that 
the 3D printing technologies to be the next big innovation of the generation. At the 
preliminary stages of the technique, the process was particularly expensive and 
yielded low resolution models but recently the technology has become more 
affordable and widely available to hobbyist and the public. The term now is widely 
known as 3D printing, which refers to the equipment used for AM. 
The technology has progressed drastically to the extent that the electronic industry 
has become a big player in integrating 3D components into systems and sub-systems. 
This has therefore created a competition to manufacture quality products, which 
especially target the individual consumer along with providing a plethora of 
functionality. The market required for high-end technology and low-cost electronics, 
which therefore sparked the development of multifunctional, compact and 
lightweight devices to be created. This has therefore led to the significant 
advancements in 3D manufacturing technology for a range of applications, such as 
electronic sensors and mobile phones, or in aerospace [3-7].  
The fabrication process has proved to be economically advantageous in several 
cases; being an additive manufacturing technique, it therefore drastically reduces the 
amount of wasted materials, when high value materials, helps reduce the total final 
cost. It has advanced significantly to the point where 3D fabricated structures can 
now be adapted to carry out electrical functionality, one area that has proven exciting 
potential is in the design of antenna structures which can provide an improved 
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performance as complex 3D structures that are once thought to be unobtainable can 
be easily fabricated [8-12]. The technology has also made it easier to manufacture 
millimetre wave passive components [13] there is also a move to the Terahertz band, 
where the proposal of a hollow core and plasmonic waveguides [14-16]. 
1.3 Antennas Overview 
µAntennas are our electronic eyes and ears on the world, an essential, integral part of 
RXUFLYLOLVDWLRQ¶ [17] 
KHUH DUH PDQ\ W\SHV RI DQWHQQDV WKDW DUH XVHG LQ WRGD\¶V ZRUOG RI
communication, from connecting to deep space satellites down to the 
RFID tags on consumer products, with an increase in the amount of 
information that needs to be sent, the search for more accurate and cost-
effective methods are never ending. Over the past few years, there has been a shift of 
attention in the communications industry to the development of planar antennas, 
which are favourable for a number of reasons. To begin with, they are compact and 
lightweight and can be manufactured at a much lower cost than waveguide-based 
antennas. Secondly, the planar nature of the antennas allows them to be used in 
applications where the size and shape are crucial, such as conformal printed antennas 
on airplanes. It also makes them ideal for large arrays and simplifies the interaction 
of additional electronics such as phase shifters and amplifiers. This thesis describes 
and tests a technique using a low-cost 3D printer to fabricate various antennas at RF / 
microwave frequencies. 
1.4 Hypothesis and Aims 
he general hypothesis of this thesis is to prove that electronic devices can 
be fabricated without using traditional expensive processes and that with 
the advancements in various 3D printing technologies, it can be used in the 
printing and prototyping of integrated antennas. As technology in our modern 
societies, plays a vital role in the everyday life and the global economy, there is 
always a drive for lowering costs. 
T 
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The ability and the impact of 3D printing has been questioned by some to be able to 
affect the traditional process of antenna fabrication. The technology is ever-
developing and is showing exciting potential and has with new materials and inks 
being developed constantly.  
The aim of the research is to conduct a detailed investigation on various antennas for 
the fabrication using a variety of additive manufacturing techniques.  
 
1.5 Thesis Outline 
he thesis is split up into eight chapters; 
In the beginning of the thesis, chapter one is an introduction which 
provides a brief introduction to the topic at hand. It has two sub heading; 
3D printing and antennas covering a quick overview of both areas. 
The second chapter entails the researched literature review of the topic. This chapter 
starts with a brief history of the origin of 3D printing and then covers in depth the 
various available technologies within the field of 3D printing. The discussion 
continues to talk about the research under taken in the field of 3D printing and the 
various companies that have made an impact. Also within this chapter is a detailed 
theoretical work of antennas and the various analysis characteristics of antennas. 
The third chapter of this thesis provides a general theoretical background to antenna 
technology and electromagnetic theory. This gives some background information to 
what is covered throughout the thesis. Chapter starts with some basic 
electromagnetic theories, then several antenna types, and then the wide range of 
antenna analysis that is required. 
In the fourth chapter of the thesis, the design, assembly and calibration of the FDM 
3D printer used will be discussed. From the design and fabrication of the extra parts 
used, to the calibration and proposed improvements to the system will be detailed. 
This covers a detailed account of the firmware parameters and the integration with 
the second extruder  
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In the fifth chapter, the investigation of the designing and printing of Frequency 
Selective Surfaces (FSS) using a low-cost 3D printer. The substrate and the elements 
are fabricated using one machine, two different designed were proposed and tested. 
Chapter 6 discusses the next antenna in the project, which is a GPS antenna printed 
on the FDM 3D printer. This chapter covers the design, fabrication and testing of the 
GPS antenna. Using the same technique as the previous chapter, the performance of 
the printer is put to the test. 
In chapter 7, the design, fabrication and testing of a bracelet antenna will be reported. 
The simulations and the measured results are also reported. The antenna is a fully 3D 
printed dipole antenna used as wearable connected device, all the components of the 
antenna and the frame, including the feed lines and substrate are printed using the 
modified 3D printer. The antenna performance is then tested with and without the 
body, along with being tested against a more expensive fabrication process. 
In the last chapter, the final antenna is proposed, which is another wearable antenna. 
This type of antenna is supposed to be placed on the human nail. Due to it being at a 
higher frequency, the antenna was fabricated using the Aerosol Jet printer available 
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2.1 3D printing Technologies 
ROOLQJ EDFN WR WKH ¶s, a breakthrough technology was officially 
announced; the first account of a 3D printed model was published by Dr 
Hideo Kodama in the Nagoya Municipal Industrial Research Institute [1]. 
The first model was using a photopolymer technology which cured a photopolymer 
material when exposed to a UV light which later on helped develop a technique 
known as Stereolithography.  
Many years later, there are now a wide variety of 3D printers available on the market 
with different technologies, although they all share the same principle for building or 
constructing the model, by adding layer upon layer. 3D printing technologies are 
ever-growing and each have specific strengths and weaknesses discussed throughout 
the chapter. The key technologies of various 3D printing techniques are discussed, 
such as; FDM, SLA, SLS, Aerosol-jet, DPAM, SLM and LBM. 
 
Fused Deposition Modelling (FDM) 
One of the technologies out in the market is called Fused Deposition Modelling 
(FDM) or also known as Fused Filament Fabrication (FFF), it is the most common 
and populous type of 3D printing method. FDM is a process that uses a continuous 
R 
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filament of a thermoplastic material, which is melted and layered on top of each 
other creating strong functional parts [3]. The plastic is pushed through to a heated 
chamber block with an inner diameter that is around the same size as the filament 
which melts the filament to a useable temperature, the heated filament is then forced 
out through a heated nozzle which has a much smaller diameter. The material is 
extruded onto a room temperature or heated platform while moving to the correct 
X/Y/Z position. The resolution and surface finish are a compromise when compared 
to other types like Stereolithography (SL). With a majority of FDM printers being 
open-source, it allows makers and engineers to modify, experiment and improve the 
overall mechanical design and performance of the machine. 
 
Figure 2-1 Overview of the process of a FDM machine [2] 
FDM printing process starts with a 3D computer model which is exported as an 
industry standard format called Standard Tessellation Language (STL) file, which is 
a collection of triangles defining the surface of the solid. The STL is then loaded into 
a slicing software, which is a process that breaks the solid model into horizontal 
layers. Within each of the layers there is a collection of co-ordinates or set of paths 
that the head of the printer will follow, these set of instructions are saved as a G-code 
file. The slicing software controls several variables within the PRGHOV¶ 
characteristics, first the slicer generates the outlines of the model, which controls the 
surface roughness. Significant amount of time and material can be saved if the 
outline height is increased. Then generates the infill patterns, which controls the 
dielectric constant and loss tangent. 
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Within the 3D printing industry, there are a wide array of different types of materials 
that are used to print with. FDM printers use thermoplastics as their choice of 
material, new thermoplastics materials are constantly being discovered and used in 
filament form for FDM. Within the thermoplastics section, there are several types of 
plastics that are available and each have different properties and characteristics to 
suit specific applications. Several factors can influence which type of plastic to 
choose; the extrusion process, the cost and the application. The most common types 
are listed below, where most of them have a lower microwave loss compared to the 
materials used in other printing technologies; 
x Polylactic acid (PLA) 
x Acrylonitrile butadiene styrene (ABS) 
x Polycarbonate (PC) 
x Polyvinyl acetate (PVA) 
x Aliphatic polyamides (Nylon) 
x Polyethylene terephthalate (PET) 
The printing nature of FDM objects does not allow the model to come out smooth 
and accurate. It is known that FDM 3D printing produces a rougher surface finish 
than to other 3D printing techniques such as SL or DPAM. 
 
Stereolithography Apparatus (SLA) 
The next additive manufacturing technique is Stereolithography Apparatus (SLA or 
SL) which is the next popular method of consumer printing after FDM, even though 
it was the first technique of additive manufacturing introduced back in the 1980s. 
Stereolithography uses a light source to cure a resin when it is shunned upon; a 
computer controlled laser draws the outline of the model onto a liquid resin where it 
cures it. The model is lowered into the resin and the next layer is drawn, this is 
repeated until the model is finished. This technique offers the best / highest level of 
resolution and surface finish as well as material transparency.  
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Figure 2-2 Overview of the process of SLA [4] 
There are a variety of UV-curable resins giving distinctive characteristics and 
mechanical properties; there are basic resins that include opaque and transparent, 
resins that have tensile strength and hardness along with ductile resins for resiliency. 
As the resins have a low viscosity, the layers must be very thin and therefore the 
printing time is much greater than to a FDM process. Main manufactures in this field 
of additive manufacturing include and not limited to; 3D systems, Formlabs, DWS, 
XYZ Printing and Autodesk. 
 
Selective Laser Sintering (SLS) 
Selective Laser Sintering (SLS) is similar to SLA but the key difference is that 
instead of using a liquid resin this type of printer uses powdered material. A laser is 
used to sinter selected areas of the powder to form layers of granules, which join to 
form a solid structure. the object is fully printed, it is left to cool and air is used to 
remove the surrounding powder. There are wide variety of powdered materials used 
in SLS from nylon, glass, plastic, ceramics and even metal. 
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Figure 2-3 Overview of the process of SLA printing [5] 
The resolution of this technology is not only determined by the size of the laser spot 
but also from the powder particle dimensions, this often results to low surface finish 
and visible roughness. The advantage of this technology is that the printed model 
will never require support for suspended parts because of the un-sintered powder 
surrounding the model. This then opens the chances of models with higher 
geometrical complexity and models with multiple structures (i.e. hinges, bearings 
and joints) where it was otherwise not possible. SLS is widely used for product 
development and rapid prototyping in a wide range of commercial industries where 
large items are needed.  
 
Aerosol jet 
A different type of additive manufacturing technique is Aerosol jet printing. This 
form of printing is a non-contact micro dispensing technique, which allows the 
deposition of various functional materials such as particle inks and paste like fluids. 
The materials are dispensed onto a wide variety of substrates without convention 
adhesion equipment. The process requires the material to first be broken down into 
its particles to create a mist which is surrounded by a coaxial sheath of air flowing 
out of an orifice directed at the substrate; which creates features as small as 10 µm in 
size with a good stable adhesion. 
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Figure 2-4 Overview of the aerosol jet printing [6] 
This technique is especially used when accuracy and repeatability is targeted. On 
demand manufacturing is offered with the ability to produce patterns of conductive 
and resistive pastes. Micro dispensing companies include Optomec, nScrypt, 
Novacentrix, Envision Tech and Precision Valve and Automation.  
With several different abilities presented by different techniques, the manufacturing 
industries have taken 3D printing to a whole new level. As the initial idea was to use 
it for creating a prototype of a model before it was manufactured to find out its 
functionality, however now the area of 3D printing has been developed to produce 
consumer end products. This jump in technology has opened up a vast spectrum of 
applications in a variety of industries.  
 
2.2 3D printing in research 
ver the years, electronic devices have continued to decrease in size 
approaching the limits of the silicon technology. While the evolution of 
3D printing of circuits has evolved from concept to adoption, with some 
companies and researchers are experimenting with the limits of the innovative 
technology to take electronics to a new dimension. The advantages of seeking this 
industry can benefit many; engineering designers of printed circuit boards (PCBs) 
can attain faster prototypes in-house and have the ability to work in complex three 
O 
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dimensions [3]. Moreover, this can save time and additional cost for the fabrication 
of boards that they do not use. 3D printing is not only capable of fabricating 
structurally functional parts, the technique can be integrated into several industries; 
currently there are several companies in the market that have proven the ability to 
print 3D print sensors, circuit boards and more. 
Nano Dimension Ltd. 
The company Nano Dimensions have been focusing on the research and 
development of the world 3D printing to print electronics. They have developed a 
printer with their proprietary conductive silver ink to print advanced multi-layer 
PCBs on multiple substrates. They are able to achieve this by developing a process 
using the inkjet technology for pico-liter deposition of silver and dielectric Nano inks 
allowing them to have ridged or flexible circuits.  
 
Figure 2-5 Nano Dimensions electronics printer [7] 
The DragonFly 2020 3D printer process uses two print heads which deposit a 3-
micron height of the material at the exact location specified by the design file, the 
printer has a print area of 20 x 20 x 0.3cm with an accuracy of 0.001mm. The 
conductive ink used is called AgCite a nanoparticle material that has a conductivity 
up to 35,700,00 S/m and an antenna performance of 89% efficiency at 2 GHz and the 
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dielectric ink has a dielectric constant of 2.2 to 3.7 and a dielectric loss of 0.02 to 
0.04.  
The company is currently taking pre-orders for their printer and should go on sale at 
the end of Q2 of 2017 for between $50,000 to $100,000 which will classify it as an 
industrial printer. 
Optomec 
Another company working on printed electronics is Optomec, which have developed 
an aerosol jet technology with a Copper and Copper/Nickel inks to successfully print 
sensors and other electronics in various substrates such as airplane wings for stress 
analysis. It is one of the machines that are available at CPI (Centre for Process 
,QQRYDWLRQ ZKLFK LV WKH 8.¶V QDWLRQDO WHFKQRORJ\ DQG LQQRYDWLRQ FHQWUH IRU WKH
proceVVDQGPDQXIDFWXULQJ LQGXVWU\&3, FROODERUDWHVZLWKXQLYHUVLWLHV60(¶VDQG
large corporates to help overcome fabrication challenges and develop next generation 
products and processes by providing high-end facilities and expertise. 
It is used to produce 3D printed electronics by dispensing a variety of commercially 
available conductive inks onto a variety of 2D and 3D substrates. This machine is not 
cheap and not available to the general public. 
The advantage of using this technology for printed electronics is that it eliminates the 
need for hard tool photomasks, stencils and allows for easy and quick changes to be 
made with no extra time.  
  16 
Chapter 2 ± Literature Review 
As the technique is non-contact with the substrates therefore it allows the printing on 
both 2D and 3D substrates; multi-level interconnects can be done by creating a 
dielectric material at the circuit cross over points which is possible because Aerosol 
Jet process supports multiple ink inputs therefore allowing materials to be switched 
or blended.  
 
Figure 2-6 The aerosol printer from Optomec [8] 
The Optomec machine has two distinct types of depositing ink techniques; through 
either the ultra-sonic bath Atomizer or the pneumatic Atomizer. These are 
determined by the type of ink that is required; with thicker, denser and opaque inks 
the ultrasonic Atomizer is not possible and therefore the pneumatic Atomizer is used.  
The printing process begins by creating a mist of ink in the Atomizer container; the 
mist is guided through a tubing to the depositing head which is then focused into a 
thin nozzle. The material is jetted on as narrow as 25 microns and a thickness 
ranging from 60 to 250 nanometres. 
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Figure 2-7 The Aerosol printing process overview [9] 
Once the print process has started, the ink in the depositing head is constantly 
flowing without any interruption therefore to make proper designs the ink must be 
able to stop and start. The machine then has a miniaturised spoon connected to a 
stepper motor which moves back and forth beneath the deposition head, collecting 
the ink between travel movements. The spoon is cleaned once it gets full, as the 
depositing head only jets picolitres of material, this can be done after a few prints. 
The Optomec machine is typically used as the first segment of a two-step 
manufacturing process for printed electronics. To complete the process the printed 
material needs to be cured to obtain full functionality which is done in an oven, there 
are variations in the temperature which depend on the type of ink used but typically 
the material is heated to 170 °C for an hour.  
PulseForge Machine 
Novacentrix is the company that manufactures the Pulse Forge machine, a machine 
that is used as a photonic curing technique. The Pulseforge can heat conductive inks 
and thin films in split seconds without over heating the underlying or adjacent 
substrates. This is useful when using heat sensitive substrates and inks that require 
heat to be cured, it is a critical process in the manufacture of printed electronics as 
very little energy is needed to cure the inks to an elevated temperature. 
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Figure 2-8 PulseForge machine from Novacentrix [10] 
The Pulseforge tool uses a specialist computer which controls a high-intensity pulsed 
light technology which heat up the ink in a matter of milliseconds. The light pulses 
can vary in lengths from 25 to 100000 microseconds depending on the substrate and 
thickness of ink, it also has the ability to sinter features in excess of 20 microns thick. 
The Pulseforge is usually the best curing technique used with materials that are 
printed using the screen printing process. Screen printing is a process that consists of 
a woven mesh screen with a pattern that is imprinted onto a substrate. The specific 
pattern is aligned and then placed onto the substrate which is secured by a vacuum. 
The ink or paste is placed onto the mesh and by using a certain squeegee, it is 
squeezed through onto the substrate. The thickness, specific feature sizes and other 
parameters are all determined beforehand when placing the mesh template. Factors 
such as the squeegee material, speed, the angle and the pressure can influence the 
type of pattern deposited onto the substrate. The manufacturing process require great 
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Botfactory 
Botfactory is a company with another approach, where it will offer interchangeable 
heads that have various purposes depending on the application. A New York City 
start-up has developed a printer that has a head for printing out a non-conductive 
material, a head for printing the conductive material and one that can grab and place 
various electronic components. This technique shows that a 3D printer can become 
much more than depositing plastic onto a platform. 
 
Figure 2-9 BotFactory printer [11] 
The printer is equipped with a camera that can register the orientation of the 
electronic component so that it can adjust accordingly when placing it onto the 
circuit. 
Voxel8 
The closest machine to a consumer grade low-cost 3D electronics printer is the work 
done by a company called Voxel8. Voxel8 started in 2013 which arose from the 
Lewis Lab at Harvard, where they have researched and developed the first multi-
material 3D electronics printer based on the FDM technology. The developed printer 
is a closed source dual extruder machine; one extruder for the plastic filament and 
the other for the silver ink.  
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The printer has a build volume of 150 x 150 x 100 mm, with a maximum layer 
resolution of 200 microns. The major innovative aspect of the printer is the silver ink 
that is being used, they have developed a conductive silver ink that can be dispensed 
in room temperature and cures within 30 minutes without any post process. The 
printer also includes a pneumatic direct write dispenser which is connected to their 
conductive silver ink. The silver ink is dispensed through a thin nozzle, the diameter 
of this nozzle can be changed depending on the application and the print process. The 
ink has a resistivity rating of less than 5.00 × 10- ȍ-m which makes it highly 
conductive. 
The printer was available for pre-order with a price tag of $9000 but then got 
cancelled for unknown reasons. The silver ink that was developed for the printer is 
still available for purchase along with its accessories. 
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2.3 3D Printed Antennas 
his thesis is the focus of taking additive manufacturing and showing its 
integration into the fabrication of electronic devices; especially the focus 
on the various antenna elements. Over the past few years, the interest for 
the expanding the capabilities of 3D printing has been growing which has the 
fabrication of various 3D elements gaining better functionality and new integration. 
When thinking about the current electronic hand-held devices and how they have 
evolved into smaller, compact and light weight devices, we tend to think about their 
manufacturing technique. Within a typical electronic system, the fabrication of the 
internal components is done individually and separately from the housing of the 
overall internal system. Although, with the current strides in the 3D printing industry, 
distinct processes that were once done separately can now be integrated together 
allowing for the design of complex and high-density systems. 
For more than 30 years, researchers have worked on the development to fabricate 
smaller circuitry for greater efficiency. Currently the most common technique 
employed is the microfabrication technique, which is a combination of several 
processes in a specific order. Processes include lithography, the deposition of 
materials, layering a pattern and finally the etching process. Within each of the 
processes, there are developments that have been made to suit specific devices. For 
example, the microfluidic, microsensors and micromechanical systems (MEMS) for 
integrated circuits have been developed for the focus to fabricate smaller devices 
within microfabrication [13-16]. As this has given the ability to create smaller 
devices, it has although developed a need for extra precision ability by the person 
and technology in place for the fabrication, this has therefore increased the time in 
the fabrication process [17]. 
Over the years, there has been some success with the ability to 3D print components 
and electronics, with the vast number of different additive manufacturing techniques 
and materials, the method has become very sophisticated. It can be seen in the primal 
stages of 3D printing and when the idea to integrate 3D printing and electronics 
HPHUJHGVXFKDVD µ:LUH(PEHGGLQJ'3ULQWHU¶ >@. With the idea to attempt to 
T 
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PDNH D µQHZ DSSURDFK WR PDQXIDFWXULQJ K\EULG ZLUH DQG SODVWLF SDUWV¶ >@, the 
author develops and tests a FDM 3D printer with a wire printing mechanism in order 
to create conductive models. While the project did not work, it was an innovative 
way to integrate electronics with 3D printing. Wireless communication technology 
plays a significant role in modern electronics and any new fabrication of electronics 
such as 3D printing will have to handle microwave electronics. The building blocks 
of any microwave electronics is the transmission lines [19-30] The advantages to use 
3D printing can include the time saving aspect and the ability to produce complex 
designs that were not able using standard fabrication techniques. There have been 
researchers that have demonstrated the feasibility by combining 3D printing 
techniques with printed electronics [31]. While this does focus on the 3D fabrication 
of electronic structures in the dc and low frequencies, there are some other research 
conducted in microwave devices such as with a copper electroless plated device [32 - 
33]. In which, demonstrated the performance of using a new 3D printing technique, 
stereolithography model to a traditional method such as electroplating. Variations of 
stereolithography 3D printing have been researched with the intent of microwave 
antennas with ceramic SL [34 ± 41]. The research expands as the demand increases 
for the wider capabilities ranging from various antennas in mobile phones to keyless 
entry for automotive [42] and RFID [43].  
Through the increased interest in 3D printing for microwave circuits and antennas, 
the microwave frequency characterisation of various 3D printing materials is vital for 
the design and fabrication of antennas. Cadman, Zhang and Vardaxoglou [44] 
conducted a study on the performance in RF with 3D printable FDM materials. The 
testing of dielectric constants and loss tangent of various FDM materials over the 
frequency range of 0.1 -11 GHz. The two main materials in FDM are PLA and ABS, 
and [44] FRQFOXGHGWKDW3/$KDGDGLHOHFWULFFRQVWDQWRIDQGDWDQįRIDW
2.4GHz while ABS had a dielectriF FRQVWDQWRIDURXQGDQG WDQįRIEXW
another study by [45] stated that the dielectric constant of PLA was around 3.5. 
Whereas another study by Nakatsuka [46] states that the dielectric constant of PLA is 
3.1, therefore it is clear that the true value of the dielectric constant is not fully 
determined (Mohd in [47] mentioned that the dielectric constant is between 2.4 ± 
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2.6). Clearly more research has to be done in the characterisation but within this 
thesis, the dielectric constant of PLA is assumed to be 2.4 
A variety of antennas have been fabricated using various techniques and materials, 
[48] has fabricated a fully 3D printed 2.4 GHz Bluetooth/WiFi antenna, through the 
technique of using a FDM printer from Stratasys to fabricate the substrate and then 
printed the antenna using a separate nScript Smart Pump with CB028 conductive 
paste. The model had to be cured in the oven for full functionality, but the technique 
yielded good results compared to the simulations. The selected method is expensive 
and due to the sensitivity of the conductive ink dispensed with the Smart Pump it is 
affected by the surface roughness of the FDM printed model. Another example of 
printed antennas using an FDM technique is [47] which also used a Stratasys FDM 
printer to print various patch and Vivaldi antennas. The antenna in this method was 
printed using a Deton Vacuum sputtering system which coated it with Titanium and 
Copper. Mohd proved that high gain wide band Vivialdi antennas can be fabricated 
using 3D printing, although it had a high resistance. It was also mentioned that if the 
printed model had better surface roughness and metal adhesion to the printed 
material, it would have helped improve the results. 
The fabrication of 3D antennas using 3D printing equipment are comparable in 
performance to similar transmission lines fabricated using traditional methods but 
using less expensive materials. The two main 3D printing technologies that are seen 
to be most accessible and aim to be inexpensive for the printing of dielectrics, which 
are; fused deposition modelling (FDM) and stereolithography apparatus (SLA). 
There have been a couple of examples where both of these technologies are used to 
fabricate antennas and RF devices. John has described in [49] in using a FDM 
machine with a mounted airbrush system, to produce printable electronics through 
one platform. The Iwata airbrush is mounted vertically parallel to the extruder heads 
and is operated through a servo motor.  
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Figure 2-11 An FDM carriage with two heads and an airbrush 
The issue with this setup is the available inks that is compatible with the airbrush and 
their conductivity levels. While the results were not very impressive, it showed the 
possibility of printable complex structures with embedded three-dimensional 
conductive traces.  
Another example is the fabrication of horn antennas, traditional fabrication of horn 
antennas is done by a cut out a copper template or other conductive material and then 
building them in a specific orientation and dimension for a required application. The 
horn antenna is formed when the waveguide is joined to the front end of the antenna. 
This process could also be fabricated using a 3D printing technology, [50] 
investigates the performance and the functionality of a horn antenna fabricated using 
a FDM printer to be very similar to the traditional fabrication method, the materials 
used is an electrically conductive ABS filament and a PLA filament containing 35% 
copper.  
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  (a)       (b) 
Figure 2-12 A 3D printed horn antenna using (a) electrically conductive ABS and (b) copper 
PLA 
The issues with this technique is the quality of the surface finish and the difficulty of 
printing such materials. The quality limitations are linked to the thermal creep that 
occurs during the printing process and the minimum required filament feed rate. 
These materials have a limited number of applications due to their low conductivity 
and layer adhesion characteristics. 
A different approach, is to use a separate two-step process, where the 3D printer 
prints out the dielectric and then a conductive component is applied to it. In [51], a 
non-planar EBG substrate was fabricated using PLA filament and then silver-loaded 
conductive ink was evenly spread on the substrate by hand. The results showed that 
this particular setup yielded good antenna matching and gain improvements. The 
silver ink that was used had to be put in an oven for about 15 minutes to be fully 
cured which was an extra process in the fabrication; the model was not damaged 
because it was left at 90°, which is about the thermal limit of PLA plastic.  
 
Figure 2-13 3D printed EBG configuration and stencil [51] 
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FSS structures were also investigated using 3D printing, where [52] used an FDM 
printer to print a 3D model of both a triple cross element and a tetrahedral caltrop 
with dissimilar materials and then two coats of silver ink were applied to the models 
by hand. These elements were then mounted onto a fibreboard support approximately 
2 mm thick to give support strength. The first element was printed using a plaster 
material which is typically used in building and operated at about 5.5 GHz and had 
low angular stability. Whereas the second was printed using an inexpensive PLA 
filament which operated at 2.5 GHz and offered good stability to various angles. The 
minor differences seen in the results can be blamed on the resolution of the 3D 
printed models and errors from the non-uniform coating of the silver ink. 
 
Figure 2-14 FSS printed structures, (a) triple cross, (b) Caltrop [52] 
One of the problems with FDM substrates is the surface roughness of the printed 
models which therefore limits the metallic layers to thicker metallic materials. On the 
other hand, another type of low cost printing is SLA, which provide smoother 
surfaces which can be seen as an advantage when printing with other metallic 
deposition techniques. In [53], which uses an SLA printer to print out the substrate of 
a patch antenna. The metallic patch is not printed out by layering down silver ink by 
hand but printed out using an inkjet printer that prints out silver nitrate. A Form 1+ 
SLA printer is used to print out the substrate that has a surface roughness of 206 nm, 
and then the substrate is put into an Argentum Cartesian Co. printer to print the patch 
antenna, the antenna is shown in figure 2-15. The patch required 25 layers of silver 
nitrate to give a resistivity of  ? ൈ ? ?ି଻ ?  ݉ then was grounded using a square brass 
plate on the backside. The antenna yielded satisfactory results with good circular 
polarization but this fabrication process required two separate machines to finish the 
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antenna. When two machines are required, more errors that are susceptible are 
caused, along with the calibration in the alignment of the machines and not to 
mention that it requires 25 layers of material to yield acceptable conductivity. 
 
Figure 2-15 Patch antenna printed using SLA and an inkjet printer [53] 
Although it can be seen in these early results of the benefit of 3D printing in the 
replacement of the traditional fabrication processes, there is a significant potential in 
the use of various technologies in the 3D printing industry to design novel antenna 
structures. This possibility of innovative designs could eventually improve the 
antenna performance and possibly create new deigns that were once thought to be too 
difficult to fabricate through conventional approaches. To truly fabricate a low cost 
fully 3D printable RF component a combination of low cost techniques must be 
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2.4 Conclusion of literature review 
ecently there has been an increase in attention and development of 3D 
printing technologies within the research and manufacturing industries. 
With the ability to create complex structures easily and a decrease in 
manufacturing costs, it becomes a valuable tool for the development of new products 
and services. 3D printing has been around since the late 1980s, with the development 
of stereolithographic apparatus, and since then 3D printing has been mainly used for 
the development of artistic and non-functional models. This has put a limit on the 
capabilities of the materials used and the overall usability, and it is only recently 
possible to find materials to stretch these capabilities into different fields. However, 
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ntennas and its electromagnetic propagation have been around for a very 
long time; back in 1873, one James Clerk Maxwell published a book that 
LVQRZWKHFRUQHUVWRQHRIDQWHQQDVFDOOHGµ$7UHDWLVHRQ(OHFWULFLW\DQG
0DJQHWLVP¶ >@ +H ZDV DEOH WR WDON DERXW DQWHQQDV E\ H[SDQGLQJ RQ ZRUN IURP
previous scientist such as Ampere, Gauss, Faraday and others. In his book, he has 
defined a few equations that have been proven to be important in the theory of 
electricity and magnetism. These equations define the fundaments for the 
calculations of the radiated fields from a charge [3]. ׏ ൈ 2 ൌ ିడ஻డ௧ െ ܯ (1.1) ׏ ൈ ܪ ൌ డ஽డ௧ ൅ ܬ (1.2) ׏Ǥ ܦ ൌ ߩ  (1.3) ׏Ǥ ܤ ൌ  ?  (1.4) 
Where, É is the electric field intensity (V/m) 
 H is the magnetic field intensity (A/m) 
A 
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 D is the electric flux density (C/m2) 
 B is the magnetic flux density (Wb/m2) 
 M is the magnetic current density (V/m2) 
 J is the electric current density (A/m2) 
ȇLVWKHHOHFWULFFKDUJHGHQVLW\&P3) 
An aQWHQQD LV GHILQHG DV µD PHDQV IRU UDGLDWLQJ RU UHFHLYLQJ UDGLR ZDYHV¶ >] the 
radio waves could refer to electromagnetic waves and these waves travel at a certain 
speed, the speed of light and in a vacuum, is noted as  ? ൈ  ? ?଼݉Ȁݏ. The wavelength 
ȜLVNQRZQDVWKHDPRXQWRIGLVWDQFHWUDYHOOHGRIDZDYHLQRQHF\FOH ɉ ൌ  ௖௙   (2.1) 
Where f is the frequency and c is the speed of light 
An antenna can be represented as an energy converter because it is a device that 
sends and receives electromagnetic waves, which are converted from free space 
radiation to a transmission line and in the other direction. The entire process can be 
seen in figure 3-1. 
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Figure 3-1 Process of antennas on a transmission line [3] 
A common area of antennas, is the antenna losses, this can be explained by first 
looking at a Thevenin equivalent circuit based antenna. The model shown in figure 
3-2 is a combination of a voltage regulator (Vs) with an impedance in series (Zg), the 
section of the transmission line with characteristic impedance Zc and the antenna 
with a load of Za connected to the transmission line. The losses come from the load 
resistance (RL) which is a combination of conduction and dielectric losses within the 
antenna structure.  
 
Figure 3-2 Thevenin equivalent of an antenna [3] 
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3.1.1 Antenna types overview 
The abundance of antennas developed in the modern technological industry can be 
arranged into four discrete groups. 
Wire antennas 
The wire antenna is the most abundant and exploited antenna. They can be seen in a 
wide variety of areas such as on vehicles, Televisions, aircrafts, radio stereos and so 
on. They come in various shapes including loop, dipoles, helix, Yagi-Uda. These 
antennas are known to run at lower frequencies and have a low gain. Advantages 
being that they are simple to design and inexpensive. 
Aperture antennas  
A type of antenna with increasing popularity is the complex designs of the aperture 
antenna due to its use in higher frequencies. Aperture antennas differ in types; the 
horn antenna contains an opening to allow electromagnetic waves to flow through, 
directing the waves into the waveguide. The antenna tends to be useful for 
applications such as on an aircraft or spacecraft as it can be easily flush-mounted. 
Microstrip antennas 
Microstrip antennas comprises of a metallic patch on a grounded substrate. The 
specific shape of the patch varies as it can produce different radiation characteristics 
and polarization. These antennas low profile, and can be conformed onto different 
surfaces. 
Array antennas 
Array antennas are simply an arrangement of radiating elements in an electrical and 
geometrical structure. They are used when a single cell cannot achieve a certain 
radiation characteristic. Arrays are usually made up of dipoles, monopoles, slots. 
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3.1.2 Antenna analysis 
Even though there are so many different types of antennas used, there are several 
discrete parameters that can describe them all. A bit of background information on 
the different types of parameters are described. 
The parameters that are used when describing the range of antennas are: 
1. S-Parameters 
2. Impedance Bandwidth 





It is advantageous when designing antennas as part of a network to create a model to 
show the detailed performance of the antenna/system. To collect the useful 
information a Vector Network Analyser (VNA) is used. The data is normally 
illustrated through the form of Scattering parameters or commonly known S-
Parameters. Especially at higher frequencies a distributed model is needed to show 
the electrical behaviour of linear electrical systems when signal is applied the 
parameter values are measured in the various units of power [5].  
The S parameters are defined by measuring the voltage travelling waves between the 
N-ports. This can be illustrated in figure 3-3. 
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Figure 3-3 A two-port network 
The definition of the incident and reflected signals are vital which are shown below: ܽ௫ ൌ ห௏ೣశหඥ௓బ ሺ ?ݓܽݐݐݏ  (3.1) ܾ௫ ൌ ȁ௏ೣషȁඥ௓బ ሺ ?ݓܽݐݐݏ  (3.2) 
The scattering matrix (14) relates the voltage ZDYH¶V LQFLGHQWRQ WKHSRUWV WR WKRVH
reflected from the ports. The scattering matrix is defined as: 
  (3.3) 
Where the amplitude of the voltage incident wave on the port is denoted as ௡ܸା and 
the amplitude of the voltage wave that is reflected off the port n is ௡ܸି . A random 
element of the S matrix can be explained as: 
 ௜ܵ௝ ൌ ௏೔ష௏ೕశฬ௏ೖశୀ଴௙௢௥௞ஷ௝  (3.4) 
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When there are 2 different ports; a port 1 and port 2. To describe the power that is 
transferred from port 2 towards port 1, the parameter S12 is used and to describe the 
power from port 1 towards port 2, the parameter S21 is used. Therefore, ௜ܵ௝ is the 
value of the reflected wave amplitude ௜ܸି  coming out of port i, when an incident 
wave of voltage ௜ܸା is driven into port j.  
The S11 in the practical and experimental stage is the most commonly used parameter 
for them all, also commonly known as the reflection coefficient of the antenna, 
which JLYHV D UHSUHVHQWDWLRQ RI WKH DPRXQW RI SRZHU UHIOHFWHG RII WKH DQWHQQDV¶
aperture. For example, if the S11 was equal to 0 dB then it would mean that the entire 
power is reflected off the antenna and none of it is radiated, whereas if S11 was -10 
dB would imply a reflection of -7 dB if the received power was at 3 dB. All of the 
results when testing an antenna for the S-parameters are collected using a Vector 
Network Analyser (VNA) which gives a graphical representation of the frequency 
the antenna radiates best at. An example is seen in figure 3-4. 
 
Figure 3-4 Reflection coefficient graph or S11 parameter for an antenna 
It can be seen from the graph in Figure 3-4 that at the frequency of 2.47GHz the 
magnitude in dB has attained the maximum of around -70 dB. Through the use of a 
simulation modelling tool such as CST Studio [6], it indicates that the antenna is well 
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PDWFKHGDW WKH IUHTXHQF\RI*+]ZKLOHDQ\FKDQJHV LQ WKHDQWHQQDV¶DSHUWXUH
dimensions or characteristics will result in changes in the matching frequency. 
3.1.2.2 Impedance Bandwidth 
This term is used to show how much bandwidth of the antenna has to its acceptable 
losses from mismatch, it is measured using two fundamental equations being the 
Voltage Standing Wave Ratio (VSWR) and the Return Loss (RL) at a certain 
frequency band. The VSWR is a ratio between the maximum and minimum voltage 
of the standing wave and the equation is: ܸܹܴܵ ൌ ȁ௓ಽȁȁ௓బȁ ൌ ଵାȁ୻ȁଵିȁ୻ȁ  (4.1) 
Where ī LV WKH UHIOHFWLRQ FRHIILFLHQW DQG LWV IRUPXOD LV given as with V0 + is the 
amplitude of the incident wave and the V0- is the amplitude of the reflected wave: Ȟ ൌ  ௏బశ௏బష  (4.2) 
 
The RL is known as the ratio of the reeflected wave to that of the incident wave 
which is calculated through this equation and is in dB: ܴܮ ൌ െ ? ?ܮ݋݃ȁȞȁ (4.3) 
 
3.1.2.3 Radiation Patterns 
Radiation patterns are used to give a graphical representation of the radiation 
properties from a specific antenna as a function of space co-ordinates. An example is 
shown in the figure 3-5. 
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Figure 3-5 Representation of the radiation patterns from an antenna [7] 
The antenna is placed in the centre and the power in the far-field is measured as it is 
rotated. The radiational patterns are represented in a 3D model, indicating the 
variational magnitude of the radiation as a function of the spherical coordinates theta 
(ࢡ) and pi (ࢥ) as seen in figure 18. There are three main plan cuts in the full three-
dimensional pattern, which are in the XY for ࢡ = 90, the XZ plane for ࢡ = 0 and the 
YZ plane for ࢥ = 90. [8]  
3.1.2.4 Directivity 
The directivity is essentially the amount of radiation from a given antenna in a 
specific direction over that of an isotropic source. The directivity can be calculated 
by this equation: ܦ ൌ ௎௎బ ൌ ସగ௎௉ೝೌ೏  (5.1) 
 
Where,  U is the radiation intensity  
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 U0 is the radiation intensity of an isotropic source  
 Prad is the total radiated power (W) 
The directivity is written as an ordinary number through the ratio or in dB. With an 
antenna that can radiate equally well in all directions has a directivity of 1 (0 dB). 
The directivity of a short dipole is 1.5, antennas with higher directivity means that 
the radiation is directed at a specific direction. 
3.1.2.5 Efficiency 
Antennas are susceptible to losses; therefore, it is a good thing to measure the 
efficiency of an antenna. The overall efficiency can be written as: 
 (6.1) 
Where e0 = total efficiency 
er  UHIOHFWLRQPLVPDWFKHIILFLHQF\ í_ ī|2) 
ec = conduction efficiency 
ed = dielectric efficiency 
ī= voltage reflection coefficient at the input terminals of the antenna 
 
3.1.2.6 Gain 
Gain is another important parameter, although gain is closely related to the 
directivity of an antenna. It considers the efficiency along with the directivity. It is 
expressed using this equation: 
 ܩ ൌ  ସగ௎ሺఏǡథሻ௉೔೙   (7.1) 
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3.2 Types of antennas 
3.2.1 Dipole 
The dipole antenna is the simplest and the most frequently used antenna of its kind. It 
consists of a conductive wire rod or metal tube that is half the length of the 
maximum wavelength the antenna is to generate. Where a Monopole is known to 
have a single pole, the dipole has the characteristic properties to function with two 
poles. The wire is split in the middle and an insulator separates the two sections, each 
rod is connected to a coaxial cable at the end closest to the middle of the antenna. 
Therefore, the antenna consists of the feeder connected to two quarter wavelength 
elements extending in opposite directions. 
The antenna is typically fed in the centre where the impedance is the lowest, the 
voltage and current levels vary along the length of the radiating section of the 
antenna. This is illustrated in figure 3-6. 
 
Figure 3-6 Voltage and current changes along a dipole antenna [18] 
The figure shows the two charges of equal magnitude and opposite polarity 
oscillating in a harmonic motion. At t=0 the charges are at their maximum magnitude 
and separation and then as they reverse direction, they will have maximum 
acceleration. The antenna does not radiate uniformly along the length of the wire; the 
current at the ends are zero and therefore the electromagnetic radiation at the ends 
will be zero.  
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As for the radiation, it is at its maximum in the plane that is perpendicular to the 
dipole and zero in the direction the wires are pointing. This results in an emission 
diagram that is a torus shape with a zero-inner diameter. This is illustrated in figure 
3-7. 
 
Figure 3-7 Illustration of the radiation from a dipole [19] 




The patch antenna is based on a voltage element of which the patch represents an 
aperture which collects or transmits the electromagnetic energy. The patch antenna 
can come in many shapes as shown in figure 3-8. 
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Figure 3-8 Various shapes of patch antennas [20] 
For this application, the focus is on the rectangular element. The patch is typically 
made out of metallic strip, which is mounted on a dielectric substrate of thickness (h) 
much smaller than the free space wave length (h<<Ȝ ) with a ground plane 
underneath it. This is illustrated in figure 3-9. 
 
Figure 3-9 Diagram of a patch and its fields [21] 
With Ȝg being the wavelength in the dielectric, the patch acts as a Ȝg/2 parallel-plate 
microstrip transmission line. The fringing fields between the patch and the ground 
plane create radiation, which is seen in the radiating slot #1 and #2 in figure 3-9(a). 
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Maximising the radiation is a trade-off between having good antenna performance 
and the needed element size. The size of the element can be lowered by increasing 
the dielectric constant (ߝ௥) along with reducing the height (h) of the substrate 
although this does affect the overall performance of the antenna by having the gap 
too close and therefore binds the fields closely which in turn increases losses and 
decreases the bandwidth. In other words, the antenna can achieve exceptional 
performance by increasing the substrate height and have a lower dielectric constant. 
This way, by having more room for the fields, it makes the antenna have a better 
efficiency and bandwidth, but this means the radiating element becomes much larger 
in size. 
One of the ways to analyse the characterisations of patch antennas is the use of the 
transmission line model. Patches are viewed as transmission line resonators with no 
transverse field variations i.e. the field only varies along the length, and the radiation 
occurs from the fringing of fields, which are viewed as open circuits at the ends of 
the transmission line.  
The fundamental mode of a patch antenna is the TM01 mode, in order to excite the 
TM01 mode, the length L should be slightly less than Ȝg/2, where Ȝg is: ɉ௚ ൌ  ஛బඥఌ೑ (10.1) 
Where ߳௙ is the effective dielectric constant in the medium and this shows that not all 
the fringing fields are bound inside the substrate. The dielectric constant is greater 
than the effective dielectric constant and is shown as: ߝ௙ ൌ ఌೝାଵଶ ൅ ఌೝିଵଶ ቂ ? ൅ଵଶ௛ௐ ቃିభమ (10.2) 
Where W is the width of the patch. 
The equation 10.2 shows that the effective dielectric constant relies on the frequency, 
therefore as frequency decreases, the fields within the substrate reduce and the value 
of the effective dielectric constant moves away from the value of the dielectric 
constant of the substrate. 
  48 
Chapter 3 ± Antenna Theory 
The fringing fields from the patch require the electrical length to be greater than the 
physical length of the patch, which is shown in figure 3-10. 
 
Figure 3-10 The length of the patch compared to the fringing fields [21] 
As seen in the figure, the fringing fields are covered in the distance of DL, which are 
linked to the effective dielectric constant. Therefore, the total length of the patch is 
calculated by: ܮ௘௙௙ ൌ ܮ ൅  ? ?ܮ (10.3) 
Whereas the extra length in the substrate is given by:  ?ܮ ൌ  ௛ඥఌ೑ (10.4) 
As mentioned before the effective length of the patch for a certain frequency ( ଴݂) is 
ȜJtherefore, the effective length is shown to be: ܮ௘௙௙ ൌ ܮ ൅  ? ?ܮ ൌ஛బඥఌ೑ ൌ ௖ଶ௙బඥఌ೑ (10.5) 
Where, c equals the velocity of light in free space ( ? ൈ  ? ?଼݉Ȁݏ) 
To calculate the resonant frequency for any TMn mode and in the above equation the 
equation below is used: 
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଴݂ ൌ ௖ଶ ?ఌೝ ൤ቀ௠௅ ቁଶ ൅ ቀ ௡ௐቁଶ൨భమ (10.6) 
In order to use the formula above the W has to be known, and this is known to be 
half wavelength, which is the average of the two dielectric mediums.  ܹ ൌ  ௖ଶ௙బටഄೝశభమ  (10.7) 
The W value can be altered depending on the application, and it has a direct link to 
the bandwidth value and the directivity of the antenna. Increasing the value of W 
then increases the other two variables and vice-versa. Decreasing W can also be 
beneficial when the aim is to have circular polarisation. 
To sum up in the design of the patch antenna is: 
x Know the substrate dielectric constant (ߝ௥) and the operating frequency ( ଴݂) 
x Calculate the width size (W) 
x Calculate the effective permittivity (ߝ௙) 
x Calculate the total physical length (L) 
 
3.2.3 Circularly polarized patch 
The polarization of an antenna is defined as the direction of the electromagnetic 
wave is transmitted by the antenna. Polarization of the antenna can be classified as 
linear and circular. 
Linear polarization is described when the electrical field at a point in space as a 
function of time is always directed along one line.  
As for circular polarization, the electromagnetic waves radiate in both the horizontal 
and the vertical planes and the planes in between. The conditions to accomplish the 
circular polarization is if the electric field has all of the following: 
1. the field must have two orthogonal linear components 
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2. the two components must have the same magnitude 
3. the two components must be shifted by odd multiples of 90° in the time-
phase 
 
3.2.4 Frequency Selective Surfaces 
A frequency selective surface is a surface that exhibits different reflection and/or 
transmission properties as a function of frequency. A basic surface type could have 
an array of wires or an array of slots with a dielectric slab on them. FSS have the 
ability to act as a band-pass or a band-stop filter, with a band-pass filter, passing 
waves at the resonant frequency but blocking the ones at higher and lower frequency. 
The band-stop filter passes waves above and below the resonant frequency but not 
the resonant frequency.  
)66 KDYH VHYHUDO LPSRUWDQW DSSOLFDWLRQV LQ WRGD\¶V VRFLHW\ WKH PRVW FRPPRQ DQG
interesting is the use for making radomes. Radomes can be thought as a protective 
cover placed over an antenna, protecting or blocking certain frequencies [9].  
An FSS is an organised and calculated array of periodic elements, known as cells. 
There are passive arrays and there are capacitive arrays. The passive consists of slots 
on a conducting sheet, each cell resonates and disbands the energy when an 
electromagnetic wave is incident on the surface. Part of the wave is transmitted 
through the slots but most is reflected off. As for the capacitive structures, which are 
a series of metallic patches on a substrate, this type is considered to act like a low 
pass filter.  
There are many variables that can cause a certain structure to act as a frequency 
selective surface. The array of elements must be symmetrical and are repeated 
equally (P). An example of this is shown in figure 3-11 of an array of square loops 
with a conductor width (W) and length (l) organised in a square lattice geometry with 
a periodicity (P) and a gap between elements (g). 
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Figure 3-11 An array of square looped elements 
The representation of FSS is as lumped elements with an inductance (L) and a 
capacitance (C). The value of the inductance is given by the length of the element (l) 
and the capacitance is given from the length of the gap between the elements (g) [10 
± 12]. By increasing both C and L, the resonance frequency decreases by using the 
equation 8.1 to achieve a loss-less surface. 
௥݂ ൌ ଵଶగ ?௅஼  (8.1) 
There could be multiple resonant frequencies as seen in figure 3-12 with a double 
square loop [13 ± 15]. 
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Figure 3-12 Circuit equivalent FSS and transmission graph (a) single loop, (b) double loop 
The bandwidth of the FSS is measured as the values between the -10 dB of the lower 
and upper frequency points of the transmitted/reflected band, this can increase when 
there is an increase in the inductance in respect to the capacitance [12, 16]. 
Therefore, in terms of the designing, the bandwidth increases if the periodicity (P) 
increases or the width (W) decreases. ܤܹ ן ට௅஼  (8.2) 
There are distinct types of element designs, ranging from simple dipoles to complex 
fractal and convoluted structures. Calculating the correct type of cell requires the 
understanding of the applications propagation characteristics, which could determine 
the different angles of incidence or polarization, which results from diffraction, 
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a. Centre connected or n-poles 
This includes a simple straight element, which can be seen in figure 3-13(a) 
which could include dipoles, tripoles, anchor elements, and Jerusalem cross. 
b. Loop Elements 
This could be the most popular type of element used which are square and 
circular loops or rings along with loaded cross dipoles and hexagons as seen in 
figure 3-13 (b) 
c. Solid interior or plate  
Various shapes of solids such as squares, circular patches are in this group. Seen 
in figure 3-13 (c) and (d) 
d. Combining elements 
As different elements have specific characteristics, a combination of various 
elements designed together in order to improve a certain parameter. 
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4.1 Materials and Method 
he project requires a printer that can print plastic and metal at the same time 
to allow for the eventual printing of antennas. As there was no available 
printer with these capabilities on the market, the printer had to be built for 
this purpose.  
The printer that was chosen for this project was the Mbot Cube 3D [1], this printer is 
a clone of the open sourced Makerbot Replicator [2], which is allowed by their 
copyright terms. It comes as a kit version which includes all the frame components 
and the electronics that is required to print. Although this printer had to be modified 
to allow for two extruders to work simultaneously, this included changes in the 
structure, mechanics and electronics.  
The printer uses a Cartesian frame structure; this is one of the most widely used type 
of coordinate system to determine and control motors along the X, Y and Z-axis 
plane. Usually printers will have a square or rectangle platform bed and will be 
attached to the z-axis which will move up and down, the x-axis carries the extruder 
mount, while the y-axis moves the whole of the x-axis carriage. There are some 
T 
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variations of this design which still fall under the Cartesian frame where the extruder 
and hot end are not moving and the platform moves in all directions.  
 
Figure 4-1 Distinct types of FDM frame; Cartesian (left) and Delta (right) [3] 
The Mbot Cube printer features a chassis made out of wood and PVC with an overall 
dimension of 405 x 405 x 410 mm and the printing build volume of 200 x 200 x 170 
mm for a dual extrusion mount which is average for a top 3D printer [1]. The printer 
has a layer resolution range of 0.1 - 0.3 mm for smooth quality prints with the stock 
0.4mm extruder hot end. The motors have a travel speed of 50 ± 120 mm/s and 
printing speeds up to 80 mm/s [1]. The hot end accepts a filament diameter of 
1.75mm in PLA and ABS although ABS filament can be used if a heated bed is 
equipped. The printer is also equipped with a LCD screen to display key information 
on the status of the printer and also allow the user to control the printer without the 
need of a computer, it is a basic 20 x 4 character display which is connected to the 
microcontroller. The LCD display also features an SD card input to allow offline 
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FDM printers come in two different extruder setups, either with Bowden, or Direct 
drive systems and each of them has their advantages and disadvantages discussed 
below. 
Bowden ± style Extruder 
In this setup of extruder, the hot end is physically separated from the extruder, the 
extruder is usually mounted on the back or side of the printer while a flexible tube 
guides the filament from the extruding motor to the hot end, the tubing is usually 
mad of Teflon. The advantage of this method is that when the motor and mount of 
the extruder is removed off the carriage assembly, it reduces a significant amount of 
weight of the moving parts. This should in theory result in more accurate prints when 
printing at higher speeds and less vibrations due to inertia, as there is less weight to 
move. Overall, the Bowden extruders can be able to print faster than the other 
methods. Another advantage is that the build area of the printer can be larger as there 
is more space on the hot end carriage, the extruder carriage does not have a bulky 
motor that takes up space. There are disadvantages to the Bowden setup, the length 
of the tubing can introduce a certain µSOD\¶ WR WKH ILODPHQW HVSHFLDOO\ RQ ODUJHU
machines and the Bowden tubes are much longer, this therefore requires finer tuning 
of the extruder engagement. One factor that plays a big issue on is the retraction, 
when during the printing process the filament needs to be pulled the other way to 
remove the stringing effect, with Bowden the retraction needs to be much higher than 
to direct drive as there is a larger distance between the extruder and the hot end. 
Another disadvantage of the Bowden extruder is the difficulty to print flexible 
filaments; this is because the extruder can have difficulty pushing some flexible 
filaments for a long distance with enough pressure to enter the hot end. Therefore, 
flexible filaments such as NinjaFlex [4] are not recommended for printers that have 
Bowden extruders. 
Direct Drive Extruder 
In the Direct approach, the extruder is mounted directly on top of the hot end. This is 
the more common type of extruder system. A gear that is tightly gripping the 
filament rotates and drives the filament a short distance to the hot end, the gear can 
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rotate backwards or forwards to extract the filament from the hot end. The 
advantages to this method is that flexible filaments are easier to print because there is 
a shorter distance between the motor and hot end, therefore the filament will not 
bend too much. Another advantage is that it has better retraction and resume control, 
when the extruder motor rotates to retract 1 mm the resulted retraction is very close, 
therefore making it very precise and easier to control. The disadvantage to this setup 
is that there is more weight on the carriage therefore cannot move as fast while 
printing. The MBot Cube printer uses the Direct Drive extruder system. 
 
The dispenser that will be used is the Techcon TS250, it is a digital fluid dispenser 
that dispenses low, medium and high-viscosity fluids accurately and consistently [5].  
It is a highly responsive air pressure and vacuum management system, along with a 
digital timing circuit, which provides a consistent and repeatable fluid dispensing. 
The dispenser features an adjustable vacuum-GULYHQ µVXFN EDFN¶ RSWLRQ WR FRQWURO
material waste, which is vital for the application on the printer, a maximum input 
pressure of 100 psi and a wide 1-100 psi output pressure. There is also a digital timer 
from 0.02-60.00 seconds for automating dispensing with a repeatable tolerance of +/- 
0.001%. The dispenser also has precise scaled air pressure gauges along with a 16 x 
2 LCD display for essential information. The ports that are available on the dispenser 
is a serial input/output connection and a foot switch receptacle. Within the system of 
the dispenser, there is a function that controls the flow of air through the pedal 
switch; the pedal switch is a physical switch that closes the circuit. 
The microcontroller that will control the operation of the printer is the Arduino Mega 
2560 which is a well-known and popular open source board. Featuring the ATMEL 
ATMEGA 2560 core chip running on a 16 MHz crystal oscillator, 54 digital 
input/output pins, 16 analogue inputs, 4 UARTs and a USB connection. Most FDM 
printers run off the ATMEGA 2560 chip, which make it a reliable option. 
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RAMPS 1.4 Shield 
The RAMPS 1.4 board is a shield for the Arduino Mega 2560, it contains ports and 
headers which allow for connections to up to 6 stepper motors and their drivers, 
auxiliary header outputs to peripherals such as a Liquid Crystal Display (LCD) and 
an SD card reader which allow the controller to print without the requirement of a 
computer. The RAMPS also have connections for end-stops which tell the system 
that it has reached the boundary of an axis, there are also three thermistor 
connections for temperature readings of extruders and heat beds, servo ports and 
power connections for heaters and fans for extruders. 
Motor Drivers 
The motor drivers that is used on the RAMPS 1.4 board is the Pololu A4988 motor 
drivers, which uses the micro-stepping integrated circuit with built-in translator to 
control of the axis motors and extruders accurately, efficiently and safely. To set the 
amount of Microstep needed, three signals were set to a specific logic, the Table 1 
show the different types of Microstep resolution with their logic signals needed. 
 
 
Table 1 Micro stepping definition [6] 
MS1 MS2 MS3 Microstep 
Resolution 
Low Low Low Full Step 
High Low Low Half Step 
Low High Low Quarter Step 
High High Low Eighth Step 
High High  High Sixteenth Step 
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Stepper Motors 
The motors that are used are the NEMA 17 motors, there are a total of four motors 
that are used in the movement of the print nozzle; one for each axis of direction X, Y 
and Z and one for the extruder to push the filament through to the hot end. These 
motors are most commonly used in FDM printers; they are driven by the stepper 
motor driver in pulses which is referred as steps. Each step is a known distance 
which makes them have repeatable positioning, there is 1.8 degrees per full step and 
for a full 360 degrees is equivalent to 200 steps per revolution. 
Power supply 
The system is powered using a 12V 20.8A power supply, which is capable of three 
separate outputs, it has a built-in cooling fan, which is controlled by an internal 
temperature sensor and is mounted on the bottom of the printer frame next to the 
microcontroller. It is able to constantly power the printer for long prints, which is 
necessary as prints can take a considerable amount of time. The power supply offers 
enough power for the powering of the microcontroller and the RAMPS shield along 
with other add-ons and upgrades such as an addition of fans for the stepper drivers as 
they can get really hot and the addition of a heated bed which requires at least 10A. 
LCD Screen 
The LCD screen and controller that is used on the printer is the RepRap Discount 
Full Graphic Smart Controller. The LCD display is used to display vital information 
about the status of the printer such as; the temperatures of all the extruders and the 
heated bed, the time elapsed throughout a print cycle and the status of the SD card. 
The LCD controller can also control the movement of the motors along with enabling 
and disabling the pre-heating cycles without an external computer. The controller can 
also tap into the loaded firmware for selective changes in the settings. It is connected 
through the auxiliary ports, which are available on the RAMPS controller, and is 
configured through the firmware. 
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Heated bed 
The use of a heated bed is not a requirement for the printing process, although it 
helps with the print quality and bed adhesion, some materials such as ABS can only 
be printed if a heated platform is used. The heat bed is 200 x 200 mm and uses an 
input voltage of 12 or 24. The temperature is measured by a thermistor that is placed 
in the centre of the bed. Various bed surfaces can be placed on the heated bed to add 
better adhesion such as the use of a glue stick or painters tape. 
Silver ink 
To get metallic tracks to be printed using a printer, the metal has to be melted and 
then deposited in a controlled and repeatable manner. As metal requires very high 
temperatures to be melted and then cooled immediately as to not damage the printer 
especially if it is needed to be deposited alongside another material such as plastic, 
this technique is not feasible. Therefore, research was undertaken to come up with an 
alternative and the result is to use an already liquefied metal and dispensed through a 
controlled tube such as a syringe. Previously the metallic material would have been 
solder paste as it has the conductivity characteristics required for the application and 
has the right consistency to be dispensed through a syringe, the only drawback is that 
it required post-process curing to achieve full conductivity. Solder paste is currently 
used in the manufacture of printed circuit boards (PCB) to connect surface mount 
components to copper traces of the board.  
Although, there is another alternative, an ink coming from a company called Voxel8 
[7] that have developed a silver nanoparticle ink optimised for the use in 3D printing 
applications. The ink has an electrical resistivity of under 3 x 10-7 m when cured 
and an electrical conductance of 2 million S/m. For comparison, the conductive 
pastes that could have been used have about 400 S/m and there are conductive 
filaments used in FDM machines have about 100 S/m, which is much lower and 
would have been an issue with printing electrical components. The ink is stored in a 
syringe and is cured at room temperature, the company claims that it takes about 15 
minutes to dry ad adhere to the material. Moreover, the advantage to using this silver 
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ink rather than a solder paste is that it is not affected by heat so when it is mounted 
next to the plastic heated nozzle it will not be affected. 
4.2 Design and Fabrication of parts 
s mentioned before the printer had to be modified in a structural manor to 
accommodate the extra extruder and be able to print two materials at the 
same time. This process requires new, modified parts within the printer, 
including an extended extruder carriage on the X-axis, which will have enough space 
to mount the plastic extruder motor and space for an interchangeable syringe. The 
other modification is on the motor mount for the X-axis, as extruder carriage will be 
extended, then the x-axis motor mount must be decreased in size and have the end 
stop switch mounted in an appropriate location as to have contact with the modified 
carriage. Another modification is the printers bed platform, to allow for a wider 
range of printable materials, a heated platform will be installed. Some thermoplastic 
materials such as flexible filaments require a heated bed for successful bed adhesion. 
The bed could also be extended to the maximum widths of the printer, to allow for a 
bigger print volume. 
The models for these parts were designed and the plan was to print them using 
another printer and then assembled onto the Mbot printer. They were designed using 
the CST Studio modelling software.  
The extruder carriage runs along the x-axis by two smooth 8 mm steel rods and is 
connected to the X-axis motor using a GT2 looped timing belt with a 2-mm pitch. 
The section in the middle where the hot end nozzle would be mounted was extended 
by 40 mm to accommodate a 20-mm diameter syringe next to it. The design can be 
seen in figure 4-2. 
A 
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Figure 4-2 Design of the modified extruder carriage (a) top view, (b) side view 
The parts that need to be printed out must be printed out to a certain degree of 
accuracy and specification. The printer that will be used to print out the parts that are 
needed for the MBot printer is the LeapFrog Creatr HS, which is an industrial grade 
FDM printer, and it is capable of printing large models at high speeds. The LeapFrog 
Creatr HS has a maximum print volume of 13.6 litres covering 280 x 240 x 180 mm 
in dimensions; it is capable of dual nozzle printing which allows two different 
colours or materials to be printed at the same time with nozzle sizes of 0.35mm. The 
printer has a layer thickness of 0.02 ± 0.35 mm, which means that it can print at very 
high resolutions and a maximum print speed of 300 mm/s. Once all of the designs are 
finalised and checked they are exported as a stl file where it is imported into the 
slicing software. To ensure that the printed parts fit correctly and be able to withstand 
WKH SULQWHU¶V UDpid movement and environment, the following parameters must be 
met; 
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x The models to be printed using ABS ± one of the types of plastics used in 
FDM printers, ABS is an easily printed material and has durable material 
characteristics, whereas Nylon is also a strong material but has strict printing 
parameters and it prone to failing. ABS also can withstand higher 
temperatures than other types of plastics such as PLA making it suitable for 
this task.  
x The models should be printed at 100 µm layer resolution ± this ensures that 
the surfaces of the objects will be smooth and allow parts to be fitted together 
easily. When there is a lower layer resolution, the model is made up of more 
layers which therefore increase the strength factor which is also vital. 
x Printed with an infill of 75 ± 85 % - when the models are printed with an 
infill of around 75 ± 85 % makes the object to have the required strength 
needed to hold the printer together and not break apart without adding much 
weight. The infill could be increased to a higher percentage though it would 
not drastically increase the strength factor and would just use extra filament. 
x Printed with a perimeter layer of 2 ± 3 - the perimeters are the lines of 
material extruded on the outer side of the model, the common number of 
perimeters is 2, with a higher number ensures that the layers of the model 
KDYHDKLJKHUDGKHVLRQWRJHWKHUDQGGRQ¶WVSOLWRYHUWLPH 
4.3 Firmware and Dispenser Integration  
or this project, there are two main parts of software that will be designed; 
the Marlin firmware and the second extruder trigger script. The Marlin 
firmware is the set of instructions that most FDM RepRap printers run on, 
this set of files will be modified to suit the MBot printer mechanical settings and then 
uploaded onto the RAMPS 1.4 board to run the necessary G-codes.  
The RepRap [8] open source community initially developed the Marlin firmware, it 
acts as a guideline for the configuration of the printer and is unique to every printer. 
The code is modified to suit the model and the application of the printer. 
F 
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The firmware is very comprehensive and once completed consists of around 10,000 
lines of code. The firmware defines all the characteristics within the SULQWHU¶V 
mechanism and movement as well as specialised functions for connected devices. 
The firmware is split up into several script pages, the main settings page is in the 
Configuration.h file of the Marlin folder. It is also split up into several sub-sections 
which define a plethora of functions, of which the main ones include; 
- Communication speed 
The communication speed sets the printers baud rate when connected to a computer. 
There are two most popular baud rates 2500000 and 115200. 
- Motherboard type 
As mentioned before the firmware is used on most RepRap FDM printers therefore 
there could be a variety of different microcontrollers being used. Each 
microcontroller has a distinct set of pins, and each one has to be defined in order to 
allow the printer to work at its fullest potential. Moreover, the number of power 
outputs are defined, for example in this case there will be three power outputs; two 
extruders and a heat bed. 
- Extruders 
This defines the number of extruders that are used in the printer, this is important 
because when the G-code is sent to the printer, it can understand which command is 
for which extruder. It also links to the power output settings discussed previously and 
will link to the thermal settings. 
- Thermal settings 
This variable defines the type of thermistor that is used to measure the temperature of 
the heater block or heat bed. There are several types of thermistors that can be used, 
they are placed in the heater block of the hot end and collects the temperature 
readings, there are also thermistors used on the underside of the heated bed which 
needs to be monitored. Typically for a printer that has two extruders, there will be a 
thermistor on each, but for this project the second extruder is considered to be an 
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experimental extruder with no heated element therefore will not require a thermistor. 
During a dual extruder print, both extruder temperatures have to be over a certain 
limit to allow it to print, therefore the pin is left floating high as to not raise any 
issues. The temperature is set to a constant 200 °C because within the Marlin 
firmware there are a few safety regulations in place for temperature extrusions; one 
being the minimum temperature for the hot end to extruder material which is set to 
170 °C because any lower will affect or damage the motor. A maximum temperature 
limit is also another safety setting which is set to 260 °C which is dependent on the 
type of hot end that is used. Several hot ends include a PTFE tubing guiding the 
filament from the extruder shaft to the heater block and if the heater block gets too 
hot, it could damage the tubbing resulting in blocked extruders. The heated bed also 
has a maximum temperature of 120 °C to limit the amount of power received.  
- Mechanical settings 
Mechanical end stops are used along each axis to help define the boundary of the 
printer, they are switches that are triggered when the extruder carriage has reached 
them. Within the Marlin firmware, these end stops have to be defined as a min or 
max position so that the microcontroller knows where the extruder carriage is. There 
is a total of three end stops; one on each axis and on the projects printer they are 
paced at the minimum of their axis. The stepper motor direction is also defined, 
using a series of if statements to control the direction of the motor, the extruder 
carriage is placed in the centre of each axis and by observing the direction of the 
movement when a +10 mm command is sent to each axis, the directivity can be 
adjusted. 
Then the maximum print dimensions are defined to stop the extruder carriage from 
going over the size limit of the platform.  
- Movement settings 
This section controls a couple of variables linking to the movement of the stepper 
motor, the major variable in this section is the steps per millimetre value for all of the 
axis and extruders. The default speed and acceleration of the stepper motors during 
printing and homing movements are defined. The speed and acceleration values are 
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set by the manufacturer but are sometimes changed for experimenting with the limits 





The second extruder is an experimental system that was modified to fit with the 
Mbot 3D printer, with the Marlin firmware controlling almost all functions within the 
printer a second microcontroller had to be implemented to control the second 
extruder.  
The approach for the second extruder integration is to link the RAMPS board and the 
pneumatic dispenser through an Arduino microcontroller. Using the stepper signals 
from the RAMPS, the Arduino can translate to control the pneumatic dispenser. 
The second extruder system, the Techcon Systems TS250, has a digital input pin that 
can control when the dispenser is on or off, therefore it makes it easier to control it 
with a microcontroller. The Arduino will analyse the signal from the RAMPS board 
and then output a single signal to drive the pneumatic dispenser. The signal from the 
Arduino will have to first go through a transistor that will open or close the switch 
connected to the dispenser. 
To be able to connect the dispenser to the RAMPS board the stepper motor and 
signals that drive it were analysed. 
A stepper motor is an electrically powered motor that when current pulses are 
applied to it, it generates a discrete rotation of the motor shaft, unlike a DC motor 
which has a continuous rotation. Inside a stepper motor, it consists of a stator, a rotor 
with a shaft and coil windings. When electrical current flows through the coil 
windings, a magnetic field is generated within the coil. Several coils are placed in 
specific places around the motor shaft, and the closest permanent magnetic field on 
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the disk, an attraction or repulsion force will exist. By controlling which coils are 
active, controls the direction of the motor shaft. 
The stepper motor driver is the component that controls which coils are active, they 
determine that through a few of the input signals. The Reset, Step, Direction and 
Enable signals are the main contributions that control the movement of the stepper 
motor.  
The Reset input sets the translator to a predefined Home state and turns off all the 
)(7 RXWSXWV 7KH WUDQVODWRU FRQWUROV WKH LQSXW WR WKH '$&¶V DQG WKH GLUHFWLRQ RI
current flow in each winding. The Reset input must be set to µhigh¶ for any Step 
signals to be executed.  
The Step input controls the movement within the stepper motor, where a low to high 
transition in the Step input sent to the translator and advances the motor one full 
increment which usually represents 1.8°. The size of the increment is determined by 
the combined state of the MSx (Micro stepping) inputs. 
 
Figure 4-3 The represented steps within a stepper motor [9] 
Direction input determines the direction of the rotation of the motor, changes to this 
input do not take effect until the next Step rising edge. 
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Enable input simply turns the stepper motor on or off. When the logic is high, the 
outputs are disabled and when the logic is low, all signals are sent out through the 
translator. 
A combination of these signals is sent to the stepper driver and the output to the 
motor through four wires; two for each coil. 
 
Figure 4-4 Wiring diagram of a stepper motor driver, the A4988 [9] 
For the second extruder, the stepper driver is not needed on the RAMPS board 
because we are not driving a stepper motor. Therefore the 4 main inputs that would 
normally be connected to the stepper driver will be connected to another Arduino to 
be translated to a useful signal to drive the pneumatic dispenser.  
To fully understand the magnitude of the signals that were generated, an oscilloscope 
was connected to the Step and Direction pins. As the signals were sent to the motor, 
the changes were observed on the oscilloscope as seen in figure 4-5. 
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Figure 4-5 Signals observed when connected to the Step signal 
The Step signal generated a series of pulses when the microcontroller sent a 
command to move, the pulses had a peak magnitude of 5V for a period of 10 
microseconds, the frequency of the pulses depended on the value for the micro 
stepping. The direction signal changed to high as soon as the motor started to rotate 
and then stayed high when the motor was moving in the forward position, the signal 
only changed when the motor changed to the reverse direction. 
A script was written on an Arduino Nano board to collect the signals from the 
RAMPS board and analyse the data in order to output a single signal to the 
pneumatic dispenser through the pedal switch input. When the pedal switch is 
connected to the dispenser, to initiate the air flow the pedal closes an open circuit and 
as long as the circuit is closed the dispenser will be on.  
Using the PulseIn read function in the Arduino library, the Step and Direction signals 
were read. By using the PulseIn function the exact values of the signals were 
displayed on the serial monitor of the Arduino. Observing the range of the values, it 
was concluded that the Step signal ranged between 3 to 14 which depended on the 
duration the signal was high for. The Direction signal displayed a 1 or high when it 
was extruding and only changed to low when the motor changed to the other 
direction (retract). 
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Within the code which is seen in the appendix A, the work flow included an if-
statement that would set the output of pin 3 when the value of the Step signal is 
between 1 and 15 along with the Direction signal being high, otherwise the output 
would be kept low. The limit of 15 was used to not interpret noise within the circuit 
as a valid signal, and the maximum value observed while testing was 14. The if-
statement would be triggered only when the Enable signal was low. 
In order to control the dispenser from the Arduino through the input of the pedal 
switch, a transistor should be used. A PNP transistor would be connected to the 
output of the Arduino and the input of the dispenser, this will allow the transistor to 
create an open or closed circuit depending on the output of the Arduino. 
The final setup of both the extruders can be seen in figure 4-6, with the plastic 
extruder on the right and the silver ink tube on the right which is controlled by the 
pneumatic dispenser. 
 
Figure 4-6 Complete dual extruder setup 
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4.4 Calibration 
ne of the most vital steps with using a 3D printer or any precise machine 
is the extent of calibration. Calibration could be the sole cause of failed 
prints, any two FDM 3D printers will not be the same even though they 
happen to be the same model, the extent of the calibration and the alignment of the 
parts in the printer may be off by a fraction of a millimetre and therefore can cause 
issues with the print. 
Especially with a printer that has two extruders, the calibration is a very important 
process. Within the calibration process, there are some tasks that must be done at the 
beginning of every print, but the essential ones are when setting up the printer for the 
first time. These include adjusting the steps per millimetre for all the axis, and 
calibrating the bed height. For the software side, the print temperature and speed 
need to be tuned according to the process, along with the extrusion multiplier and the 
perimeter width. 
The first step is to calculate the value of the steps per millimetre, the steps per 
millimetre is a value that is set in the firmware of the printer that determines the 
amount of revolutions that the microcontroller should send to the stepper motor to 
make the timing belt or rotary shaft to move one millimetre. This is one of the most 
important values set in a printer and tends to not be changed after the initial 
calculation and calibration. For the X and Y axis the steps per millimetre can vary 
depending on the type stepper motor and timing belt used on the carriage way, the Z 
axis values depend on the type of stepper motor and the lead screw threading count. 
As for the extruder values, it depends on the size of the stepper motor and the hob 
diameter. Formulas used for each of the axis are shown;  
Formula for the X and Y axis is: ݏݐ݁݌ݏ݌݁ݎ݉݉ ൌ  ெ೟ൈௗೞ௕ൈ௣೟   (8.1) 
Formula for the Z axis: ݏݐ݁݌ݏ݌݁ݎ݉݉ ൌ  ெ೟ൈௗೞ௟   (8.2) 
O 
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Formula for the E motor: ݏݐ݁݌ݏ݌݁ݎ݉݉ ൌ  ெ೟ൈௗೞగ௛   (8.3) 
 
Where  ܯ௧ is the motor steps per revolution 
 ݀௦ is the driver microstep value 
 ܾ  is the belt pitch 
 ݌௧ is the number of teeth on the pulley 
 ݈   is the pitch of the lead screw 
 ݄  is the diameter of the hob of the extruder 
The calibration of the steps per millimetre is achieved by using a ruler to measure the 
exact distance a certain motor moves when sent by the microcontroller. The 
difference between the two values determines the new steps per millimetre value, the 
calculation is done through using this formula; ܰ݁ݓݏݐ݁݌ݏ ൌ ݋݈݀ݏݐ݁݌ݏ ൈ ሺ݁ݔ݌݁ܿݐ݁݀݈݁݊݃ݐ݄ܽܿݐݑ݈ܽ݈݁݊݃ݐ݄ ሻ 
Firstly, the microcontroller sends the axis motors to move to their home position [0, 
0, 0] then using a ruler that is placed on a specific axis rod, the microcontroller sends 
a command to move 100 mm along that axis, the movement is measured and noted. 
Ideally the measured value should be the same as the 100 mm. This process is 
repeated for each of the X, Y and Z axis, as for the extruder the procedure is slightly 
different.  
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Figure 4-7 Calibration of the motor axis 
The extruder motor steps per millimetre controls the amount of filament that is fed 
through to the hot end, therefore once the hot end has reached the optimum printing 
temperature, 150 mm of filament is measured and marked from the top edge of the 
extruder motor. A command is send to the motor to extrude a 100 mm of filament; 
the distance is measured again, for the correct step there should be 50 mm left 
between the mark and the edge of the extruder motor.  
Pneumatic dispenser calibration 
The Techcon TS250 dispenser used in this project for the silver ink has a variable 
output air pressure control to be able to control the flow of various pastes and inks, a 
test was conducted to understand the best pressure flow for the silver ink from 
Voxel8. The dispenser has a range between 0.1 to 7.9 bar of pressure and therefore to 
calculate the best suitable pressure for the ink, a model was printed with different 
pressures and then measured to see which matched the modelled version. 
The air pressure tested would range from 1 to 7 bar at increments of 1 bar, and the 
model used is a thin line measuring 20 x 1 x 0.2 mm. The value that is more 
concerned about is the width of the track, the correct air pressure will result in a 
specific flow of silver ink and therefore produce the correct width of track. A 1 mm 
width track can also test the tolerance of the dispenser, to see whether it can deposit 
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the silver ink reliably and continuously. The value can also be reduced to 0.5 mm to 
see the limits of the dispenser. 
 
Figure 4-8 Results of track widths against different air pressures 
The results in figure 4-8 indicate that the pressure of the dispenser should clearly be 
between 1 and 2 bars for the correct amount of ink flow. The results also show that 
above 4 bars the flow of ink does not increase as rapidly as lower than 4 bars which 
ties into the nozzle size used in the syringe tip. 
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Figure 4-9 Track widths for pressures between 1 - 2 bars 
Another test was conducted to focus on pressures between 1 and 2 bars, and the 
results shown in figure 4-9, show that the best pressure is between 1.2 and 1.8 bars. 
This experiment could show some human error as the measuring tool for the widths 
of the tack is a standard ruler; therefore, the pressure can be varied within this range 
to acquire best results in each print. 
4.5 Improvements 
nce all the calibration and testing was done, the actual printing of the 
antennas was done. During the printing process of both extruders an issue 
was noticed, as the extruders were moving between print commands; i.e. 
when an extruder finished printing a section of the model and then moves to another 
section, the tips of the extruders were scrapping on the previously printing section. 
Especially on the silver ink that has not yet cured, the tracks would be destroyed.  
The solution was to lower the platform by a certain amount as to allow the extruders 
to pass without touching the model. This was achieved by writing a script in the 
slicing software of the printer, during the retraction section of the printing stage the 
platform would lower by 5 mm, the tool head would move to the next co-ordinate to 
O 
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print and then the platform would rise to resume printing. This also helped with 
oozing on the extruder tips; when the extruder would stop extruding material there 
would be a small amount of material hanging on the tip of the nozzle and if the 
platform would not be lowered that small amount of material would get left on the 
model. 
The ink that is used in this project, as mentioned previously cures in room 
temperature when exposed to air, throughout the printing with the second extruder 
the tip of the syringe would get blocked and covered with cured ink. To solve this 
issue Voxel8 who manufacture the ink, also sell a capping solution, which is 
supposed to be used when the extruder is not in operation. The solution is a 
combination of chemicals to stop the ink on the tip of the syringe to cure; it is 
supposed to be applied through a sponge covering the tip of the syringe. 9R[HO¶V
printer has a mechanism that clamps two pieces of sponges dipped in the capping 
solution around the tip of the syringe, as this was not feasible for the current printer, 
therefore a different solution was proposed.  
 
Figure 4-10 Printers' bed platform 
One corner of the platform had a small sponge mounted to it and every few prints, 
two drops of the capping solution was used on the sponge. A short script was written 
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to command the tool head to move to the corner and wipe the tip of the syringe in the 
sponge. A combination of G-codes allowed the syringe to be wiped every time the 
second extruder did a retraction command.  
 
Figure 4-11 Placement of the syringe wiper on the platform 
DC resistance measurements 
The quality of the silver ink had to be tested; a small model of a microstrip was 
designed. The testing of the microstrip is shown in figure 4-12, it was printed in 
order to enable a quick and convenient assessment of the quality of the printed 
samples, with a low value for the resistance would indicate a good quality print with 
good conductivity. 
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Figure 4-12 Printed microstrip line testing 
Several layers were tested; the relationship between the measured DC resistance and 
the number of ink layers is illustrated in figure 4-1. 
 
Figure 4-13 Results of the varying layers against the resistance 
It was assumed that there was not a significant difference between the measured 
resistance and the number of ink layers after the second layer of ink. 
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5.1 Element design 
he initial design of this FSS was the loaded cross dipole element and was 
designed for the frequency of 2.45 GHz range. The FSS structures were 
modelled and simulated using Computer Simulation Technology 
Microwave Studio® (CST), the total size of one of the elements was 30 x 30 mm. 
The dimensions of the element is shown in figure 5-1 and table 2, along with the 
simulated transmission response of the element in figure 5-2. 
T 
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Figure 5-1 Loaded cross dipole design 
 
Table 2 Dimensions of the loaded cross dipole element 
 X Y G W P 
DIMENSION (MM) 9.5 10 1 0.5 30 
 
Figure 5-2 Simulated transmission response of the loaded cross dipole FSS 
To get reliable results the FSS must include a sufficent number of elements, therefore 
the elements were duplicated to the maximum number the printers platform can fit in 
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one print, the platform has a dimension of 200 x 200 mm but with the addition of the 
second extruder the available print area decreased to 180 x 150 mm. The FSS 
consisted of an array of 5 x 6 elements to make use of the entire platform. 
Due to fabrication issues discussed in the fabrication section, another element shape 
was designed. The design of the second element was a square based cell which 
initally had the same frequency as the first element but then increased to the 
frequency of 2.71 GHz due to the issues in the fabrication. Each cell was reduced, 
the dimensions of this element is shown in figure 5-3 and table 3. 
 
Figure 5-3 Square based element design 
Table 3 Dimensions of the square based element 
 L W G P 
DIMENSION (MM) 26.4 1.2 3.1 29.5 
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Along with the resonant frequency and the bandwidth of the structure, another 
characteristic of the FSS is as important which is the stability of the resonant 
frequency with respect to the incident angle of the plane wave. It can be seen in 
figure 5-4 the variation of the resonant frequency due to the incident angles for 
transverse electric (TE) 45 and transverse magnetic (TM) 45 polarizations, the 
resonant frequency of both TE and TM are slightly increased. The TE polarization is 
slightly more stable than the TM mode. 
 
Figure 5-4 Simulated transmission coefficient of normal and different angles of incidence 
Parameter study 
The dimensions were calculated by conducting a parameter sweep within the CST 
Studio software. A parameter sweep can show how slight changes within the 
dimensions can change the resonant frequency. As the fabrication process can cause 
some of the parameters to slightly change because the printer is calibrated to +- 0.5 
mm. 
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Figure 5-5 Frequency change from element length change 
When increasing the length of the element it represents an increase of both the 
inductance and capacitance. When looking at equation 8.1, it clear that as the 
capacitance and the inductance increase it results to a lower resonant frequency. 
Figure 46 shows the variation of the resonant frequency when there are changes to 
the element length. The changes to the length are from 25.9 mm to 26.9 mm with the 
desired length of 26.4 mm, at 25.9 mm resulted in the increase of the resonant 
frequency by 4.8% and at 26.9 mm a decrease by 6.3%.  
 
Figure 5-6 Transmission response for changes in the gap between the elements 
Figure 5-6 represents the effect of the resonant frequency when there is a change in 
the gap between the elements. The dimensions of the square loop stays the same size 
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as in table 3, the increased gap is achieved by increasing the substrate size. 
Therefore, the periodicy of the array increases and the equivalent capacitance is 
reduced. As the gap increases, it causes the resonant frequency to increase and the 
bandwidth to decease. With an increase of 0.5 mm gap, the resonant frequency 
increases by 4.8% and a decrease of 0.5 mm gives a 8.2% decrease in frequency. 
 
Figure 5-7 Transmission response due to changes in thickness of the substrate 
Figure 5-7 shows the variation in the resonant frequency due to the change in the 
thickness of the substrate. The resonant frequency does not have a major change 
when the thickness of the substrate increases. 
 
Figure 5-8 Transmission response due to changes in the curvature of the corners 
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Figure 5-8 shows the variation of the resonant frequency due to the change in the 
curvature in the corners of the square element. The changes in the frequency increase 
by 1.8% for bents of 2.5 radients and decrease by 1.1%. Due to the fabrication 
process not being micron perfect, when the silver ink is printed onto the substrate 
some imperfections can occur, for example, the corners of the square element are not 
as sharp as expected. Therefore, these errors must be investigated in the model of the 
simulation as seen in figure 5-9. 
 
Figure 5-9 Illustrated model of the curvature of the square element 
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Figure 5-10 Printed corners of the element 
With the new element design, the total size of the array was reduced to 177 x 147 
mm, which helped in the fabrication process. The thickness of the FSS substrate was 
set to 0.8 mm, this was modelled to get the substrate as thin as possible without 
breaking. The substrate had a 100% infill to achieve full strength, and give the 
calculated permittivty constant. The full array can be seen in figure 5-11. 
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Figure 5-11 Full array of the elements that can fit on the print bed 
 
 
Figure 5-12 Simulated transmission response of the square based FSS design 
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The simulated reflection coefficient is shown in figure 5-12 with a target frequency 
set at 2.715 GHz and a bandwidth of 30% at the -10dB. 
5.2 Fabrication 
he entire FSS was printed on the modified FDM printer, this was the largest 
print done. The substrate was printed using yellow plastic PLA filament 
from 3D FilaPrint, with a substrate thickness set at 0.8 mm and 100% infill.  
The printing of loaded cross dipole design created issues in the print quality and the 
depositing of the silver ink. Due to the selected design, the printer showed issues 
when printing the multiple corners of the element along with the substrate corners. 
7KHWHUPµZDUSLQJ¶LQ'printing describes the lifting of the printed plastic off the 
platform in the middle of the print process. This tends to be seen at the corners of the 
printed model, this issue occurs when the plastic material drastically lowers in 
temperature and therefore peels off the platform. The solution to this issue is to use a 
heated platform to therefore lower the speed of temperature change between the 
molten printed plastic and the platform. The corners of the heated platform are 
usually the first area to reduce in heat efficiency and therefore will be cooler than the 
rest of the platform, as this model has the substrate extended to the absolute corners 
of the platform; it was subject to warping which can be seen in figure 5-13. To fix 
this issue the total size of the substrate in the second element was reduced. 
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Figure 5-13 Warping in the fabrication of the substrate 
The other issue was with the silver ink printed definition, where some of the corners 
of the loaded cross dipole were not fully filled with silver ink as seen in figure 5-14. 
7KLVLVDQLVVXHZLWKWKHWROHUDQFHRIWKHSULQWHUV¶VLOYHULQNDQGLWVQR]]OH7KLVZDV
randomly seen along the FSS structure, but was always seen at the corners of the 
element and therefore was hard to control. The structure was then modified to a 
simpler design to address these issues. 
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Figure 5-14 Silver ink depositing issue on the corners of the element 
The second design substrate measured 177 x 147 mm, which used 89% of the build 
platform. The layer height of 200 microns was used which gave a total of four layers 
of plastic which was placed in the centre of the build platform. The layer height of 
the silver ink was set to 200 microns which was one layer, this was enough to ensure 
that there was continuity and the resistance levels were reliable enough without 
adding more ink. The pressure of the pneumatic dispenser can be tweaked 
accordingly, the pressure was set to 1 bar when testing the first design of the FSS 
(loaded cross dipole) and was observed that the ink deposited was partially patchy 
with miniscule breaks along the edge. The pressure was increased to 1.65 bar to 
address this issue and yielded better results. The plastic substrate printed with no 
issues, although the silver ink had some minor imperfections on a few of the corners 
of the elements. Some of the corners of the elements had small holes from missing 
silver ink when it was being printed, this was amended by adding a small amount of 
silver ink after it finished printing. 
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5.4 Testing 
he FSS was tested in a plane wave chamber, the FSS was placed in an 
aperture in a large absorbing screen with the size of 2.5 x 2.3 m, the screen 
was supported by wheels to allow for easy screen rotation. Two probe 
antennas were placed about 1 m on either side of the FSS, which swept over a 
frequency range 1 ± 4 GHz. The FSS screen size measured 280 x 168 mm, which 
consisted of two prints of the structure, placed together side by side and then glued. 
The transmitting and receiving antennas were positioned at the height of the centre of 
the aperture as seen in figure 5-15. 
 
Figure 5-15 Testing rig for the FSS 
A Rohde & Schwarz ZVA50 VNA which operates in the frequency range of 10 MHz 
± 50 GHz was used and the transmitting power was set at 10 dBm. Before the FSS 
was mounted an initial open space, calibration was taken to ensure the amount of any 
equipment losses such as within the cables or the antenna probes. This is also 
conducted when the screen is rotated for different angles. The mounted FSS on the 
absorbing screen is shown in figure 5-16. 
 
T 
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Figure 5-16 FSS mounted onto the aperture 
 
Figure 5-17 Measured transmission coefficient of the printed FSS 
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The measured transmission response of the square looped FSS can be seen in figure 
5-17; the response shows that it is close to the simulated results. At the normal mode, 
the response measured at 2.73 GHz with about -27 dB in depth and a bandwidth of 
17.5% at the -10 dB level, there is a slight shift in the TE 45 degrees and the TM 45 
degrees but well within the acceptable results. 
5.3 Conclusion  
he use of a low-cost open-source FDM 3D printer with a pneumatic 
dispenser has been possible and proven through the results collected from 
the VNA, that it is suitable option to fabricate FSS structures. Being a low-
cost and relatively fast process, this configuration can be advantageous compared to 
traditional methods. The substrate was fabricated using inexpensive polylactic acid 
filament (PLA) and the elements were printed with a silver ink dispensed by a 
pneumatic dispenser, and only required one layer of ink for sufficient continuity. The 
final FSS structure operated at about 2.73 GHz and offered reasonable angular 
stability to angle of illumination. 
Some issues were encountered in the beginning but then were addressed, this 
expressed the limitations of the proposed technique through the size at which the FSS 
can be printed on and the minimum size features of the elements. 
The fabrication method yielded satisfactory results compared to the simulated ones 
with good angular stability, there was a shift in the frequency and this could be due 
to a combination of small errors in the fabrication and measurement. As seen in the 
parameter study, a slight change of less than 1 mm in the element length can alter the 
frequency by about 300 MHz. Not to mention in the testing of the FSS, there are 
some losses, such as in the coaxial cables.  
Overall, there are advantages in using 3D printing for the fabrication of FSS and 
further study into different shapes of elements can discover more possibilities in 3D 
printing FSS structures.  
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he next fabricated antenna is used as a Geo Positioning Service (GPS) 
receiver. GPS signals are very weak and therefore require specific demands 
on the antenna. Antennas used for GPS need to cover a few requirements 
such as: 
x A low level of directivity 
x High gain 
x Good matching between cable and antenna impedance 
x Filter 
The GPS signals are known to be using right hand circular polarization (RHCP). The 
most common antenna type used in GPS signals is the well-known patch antenna. As 
mentioned in the previous chapter, patch antennas are flat with a metallic patch on 
top of a grounded substrate. The patch antenna acts as an ideal antenna because GPS 
receivers are normally mounted on flat surfaces such as, on top of a car and patch 
antennas can have a very high gain, especially if they are mounted on top of a large 
ground plane.  
Another type of antenna that could be used for GPS signals is a helix antenna, which 
are typically used in applications where the antenna can be mounted in multiple 
orientations. The size of the antenna depends on the value of the dielectric constant 
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that fills the space in between the active parts of the antenna, if there is a high 
dielectric constant, the antenna has a much smaller form factor. The gain of the 
antenna will decrease as the antenna gets smaller in size. 
The type of antenna will depend on the application, if it is supposed to be used in a 
hand-held device, the antenna must be designed in a way that the optimum antenna 
orientation collects signals its natural operation. It is also noted that the antenna gain 
is directly related to the size of the antenna aperture, therefore the helix antenna will 
need to be much greater than the patch antenna. The advantages and disadvantages 
are highlighted in the table 4. 
Table 4 Differences between the use of a patch and a helix antenna for GPS applications 
Patch antenna Helix antenna 
+ High gain + Omnidirectional 
+ lower cost + robust 




A patch antenna is selected with a main target frequency of 1.575GHz. 
6.2 Element design and simulations 
he design of the antenna included a rectangular patch element on a square 
substrate, the substrate measured to 100.35 mm x 100.35 mm and a 
thickness of 3 mm. The antenna was designed to match 1.575 GHz band 
using CST. The dimensions of the whole design are given in figure 6-1 and table 5.  
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Figure 6-1 Design of the patch antenna 
 
Table 5 Dimensions of the patch antenna 
 W1 L1 W2 L2 Z1 Z2 
Dimensions 
(mm) 
60.6 57.42 100.35 100.35 17.32 15.29 
 
The dimensions of the patch and substrate were calculated to fit the frequency of 
1.575 GHz. The circular polarization is created by having the patch element in a 
rectangular shape therefore allowing the currents to flow in a circular pattern. The 
probe is placed at the bottom left corner of the patch to obtain the required right hand 
circular polarization (RHCP).  
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Figure 6-2 Simulated reflection coefficient of the patch antenna 
The simulated reflection coefficient is represented in figure 6-2; the antenna was 
designed to resonate at two frequencies. The first main resonance is at 1.575 GHz 
with ± 10 dB bandwidth from 1.522 GHz to 1.637 GHz giving 115 MHz and a 
second resonance is found at 2.29 GHz. The simulated axial ratio and the radiation 
patterns are also shown in figure 6-3 and 6-4 respectively. 
 
Figure 6-3 Simulated axial ratio of the patch antenna 
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         (a)           (b) 
Figure 6-4 Simulated radiation patterns (a) xz plane, (b) yz plane 
6.3 Fabrication 
he GPS antenna including the substrate and the patch was fabricated on the 
modified FDM printer in a single process. The substrate of the antenna was 
fabricated using blue plastic PLA filament from 3D FilaPrint, the model 
was printed with a layer height of 100 microns and an infill at 100%. The substrate 
had a thickness of 3 mm at a layer height of 100 microns gave a total of 30 layers, 
the 100% infill was selected as to give an air tight substrate with the relative 
permittivity of PLA being 2.4. The substrate was printed at 50 mm/s, which is 
considered high, it was chosen due to the design of the model, being a simple 
rectangular shape, the increased speed, should not affect the resolution of the print. 
In addition, the speed can help the infill create a perfect air tight seal as the molten 
plastic can seam together faster. 
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Figure 6-5 Printed patch antenna 
After the substrate and the antenna are printed, a ground plate is placed on the 
underside of the substrate with its exact dimensions. The ground plane is secured to 
the substrate by using a thin 100-micron layer of double sided tape. A hole was 
drilled into the ground plane at the location of the 1.5 mm pin hole of the substrate to 
mount the connector. A SMA connector was placed in the hole and soldered onto the 
ground plane, on the topside a small amount of silver epoxy glue was used to connect 
the patch antenna to the pin connector.  
6.4 Testing 
he patch antenna was tested for the resonant frequency using the VNA and 
the axial ratio and radiation patterns were measured in an anechoic 
chamber. The result is shown in figure 6-6 with the simulated values. T 
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Figure 6-6 Simulated and the measured S11 results 
The figure 6-6 shows that the simulated and measured results compared very well, 
the results turned out to be slightly shifted to the left with the first resonance at 1.54 
GHz with ± 10 dB bandwidth from 1.505 to 1.615 GHz that gives 110 MHz. The 
second resonance can also be found at 2.25 GHz, which is only slightly lower than 
the simulated 2.29 GHz. The axial ratio of the circularly polarised GPS antenna at 
1.575 GHz is shown in figure 6-6. The radiation patterns were also collected and are 
shown in figure 6-9. 
 
Figure 6-7 Simulated and measured axial ratio results 
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The results from the axial ratio show that there is a slight shift to the right, the axial 
ratio standard for an acceptable circular polarized antenna is at 3dB. The measured 
results showed that it crossed 3dB at 1.582 GHz which is slightly higher. This could 






Figure 6-8 Testing the antenna in the anechoic chamber, (a) patch mounted, (b) test distance 
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   (a)         (b) 
Figure 6-9 Radiation patterns results at (a) xz plane and (b) yz plane 
 
 
6.5 Conclusion  
he use of a FDM 3D printer with a pneumatic dispenser has again proven 
suitable to fabricate this patch antenna.  Only a layer of silver ink was 
necessary to produce a sufficient continuity and low resistance. This is a 
significant advantage when compared with other technologies and techniques that 
require a large number of layers of ink to be printed.  
Although FDM does not produce as smooth surfaces as other previous techniques, it 
allows for the modification of the software and hardware of the open source version 
of the machines. The connection of the inexpensive pneumatic dispenser and syringe 
enables the deposition of layers of materials, and therefore the development of the 
new devices with enhances features. The newly developed ink from Voxel8 has been 
proven to be able to deposit metallic layers and therefore create fully electric circuits. 
The ink has a density that compensates the surface roughness of the substrate, 
adheres well to the surface, and produces continuous lines. Only one layer of silver 
ink was necessary to produce a sufficient continuity and low resistance. 
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A circularly polarized patch antenna was used for this demonstration. The machine is 
able print such type of antennas with sufficient resolution and accuracy. Only a small 
shift was observed in the resonant frequencies of the antennas. The measured results 
compared well with the simulation, with the target GPS L1 bandwidth of 1.55 GHz ± 
1.61 GHz, the results fit within this band. The shift could be due to fabrication errors 
and tolerances. 
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7.1 Wearable antennas 
n recent years, the demand for wearable devices has increased, with 
applications being expanded into several industries, they require the electronic 
equipment to be light, small and could transfer lots of data. Currently the 
society has been dependant on a large number of small communication devices like 
mobiles to different types of sensors, whether it is used for fitness tracking or 
medical sensors.  
The wireless transmission of data takes place through an antenna which is known as 
wearable antennas. 
Wearable antennas mainly have difficulty because of reasons; 
x When the antenna is placed near the body, the human body tissue absorbs 
electromagnetic waves radiated therefore the efficiency of the antenna is 
drastically reduced. 
x The surfaces on the human body are not uniform therefore any changes to the 
curvature of the antenna must be analysed thoroughly. 
x The size and weight has to be small. 
I 
  109 
Chapter 7 - 3D printed bracelet antenna 
There have been several papers published on wearable antennas [1-5] with several 
applications, the communication between multiple wearable antennas has also been 
investigated. When discussing wearable connected devices, the antennas tend to be 
very close to the human body and therefore the specific absorption rate must be taken 
into consideration.  
Various manufacturing techniques have been considered for wearable antennas 
including conducting paint, conductive metal coated nylon and screen printing.  
Wearable antennas can also be fabricated using 3D printing, depositing a conductive 
layer on top of a printed substrate. The conducting lines are created using silver 
nanoparticles in a solution, as this is an additive process, it does not require or 
involve environmentally harmful etching chemicals. 
Wearables require complex designs and contours to fit onto the body, 3D printing 
allows the manufacturer to design and produce an item with the exact dimension and 
size for the subject.  
 
7.2 Antenna design and simulations 
he antenna designed and simulated was a dipole antenna, the antenna was 
to radiate at two distinct frequencies for the WLAN band. At 2.4 and at 5.5 
GHz, this was used to increase the bandwidth and allow for more data to be 
transferred. 
The design of the bracelet antenna is a dipole antenna with two resonant arms on 
each end. The length of each arm is 24.2 and 9 mm, the long arms control the lower 
frequency and in order to have the antenna as compact as possible the long arm was 
folded, whereas the short arms control the higher frequencies. The design and the full 
dimensions are shown in figure 7-1 and table 6. 
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Figure 7-1 Design overview of the dipole bracelet antenna 
Table 6 Dimensions of the bracelet antenna 
 A B G L S 
Dimension (mm) 42.4 9 0.4 24.2 9 
 
In order to be able to get full radiation around the bracelet, two more antennas were 
replicated along the surface of the bracelet, the left and right antennas were phased 
120° apart from the centre antenna.  
 
 
Figure 7-2 View of the bracelet and the top antenna 
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Figure 7-3 View of the bracelet and the three separate antennas 
 
Figure 7-4 Simulated reflection coefficients for the bracelet three antennas (S11, S22, S33) 
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Figure 7-5 Simulated correlation coefficients of the bracelet antennas (S21, S23, S31) 
The figures show the simulated results of the S-parameters, the reflection coefficients 
S11, S22, S33 in figure 7-4 is seen with a less than -10 dB in free space. For the lower 
frequency, ranging from 2.35 to 2.80 GHz giving a 0.45 GHz bandwidth to cover the 
2.4 GHz, whereas for the higher frequency ranging from 4.85 to 6.10 GHz to cover 
the 5.5 GHz band. Figure 7-5 shows the correlation coefficients (S21, S23, S31) 
indicating the isolation between the antennas being satisfactory as it is less than -10 
and -20 dB in the relative frequency bands. As the high relative permittivity of the 
human body, an antenna presented on the human body shifts the resonance frequency 
and reduces antenna performance compared the results in free space and according to 
the distance between an antenna and human body [6]. 
7.3 Fabrication and assembly 
he whole bracelet along with the antenna was printed using the FDM 3D 
printer. The nature of the curvature in the bracelet along with the curvature 
of the antenna requires the fabrication to be done in a specific way. The 
bracelet must be light and not bulky as to not disturb the user, the bracelet must also 
be able to withstand a great deal of strain without breaking. Several issues arose with 
the initial design and the fabrication process. 
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The first attempt is to print the whole design with the orientation of the bracelet 
upright as seen in figure 7-6. This orientation yielded issues in the fabrication 
process, especially with the strength of the model. In order for the bracelet to stay 
upright and have a high resolution, the model has to be printed with support material. 
While this is normal in a FDM print process, it tends to leave material residue and 
markings on the model adds drastically to the print time.  
 
Figure 7-6 The orientation of the bracelet antenna in the slicing software 
Another issue with this attempt is the strength of the bracelet itself, the area of the 
printed model between individual layers is very minimum. The nature of a bracelet is 
that it is taken off and put on several times this therefore requires the model to be 
reasonably strong. With this orientation the bracelet will be very weak as all the 
stress will focused on the adhesion between the printed layers. 
The next attempt is to rotate the model 90° so that it can lay flat on the print bed. 
This alteration fixed both issues with the first attempt, as there was no need for any 
support material therefore the model had a smooth finish. 
7KLV DOVR DGGHG WR WKH PRGHO¶V VWUHQJWK WKH DUHD SULQWHG EHWZHHQ WKH OD\HUV ZDV
much greater and the nature of the printing process allowed the bracelet to attain a bit 
of flexibility without breaking. 
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As this might seem as the best print process, a different issue arose from this attempt; 
the antenna part could not be printed with the orientation of the bracelet being flat. 
The antenna part sits 200 microns on top of the bracelet, and when the bracelet is 
lying flat, the antenna section is floating with nothing supporting it. Normally, this 
would be fixed using support material although the antenna is being printed using a 
silver ink with the second extruder and only adheres to the material that is below it. 
Therefore, if support material was used, the antenna would stick to the support 
material and not the bracelet itself which would deem it useless. 
The strategy of the print process had to be re-thought, and the solution that came up 
was to print the bracelet in two parts. One for the frame of the bracelet and another to 
house the antennas. This process still meant that we had a fully 3D printed bracelet 
antenna but was printed over two print orders. 
This printing solution allows all the previous issues to be tacked and allows for the 
printed materials to be changed. The idea was that for the frame of the bracelet, a 
rigid and durable plastic was to be used and then all the dipole antennas would be 
printed on a flexible plastic, which would then be wrapped around the previously 
printed frame of the bracelet. This would then add a new feature; conformable 
antennas. The designs were altered with this innovative approach in mind, the final 
print out is shown in figure 7-8. 
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Figure 7-7 The printing of the silver ink on the bracelet antenna 
After the two pieces were printed, a thin 100-micron double-sided tape was used to 
carefully align and stick the two pieces together. The flexible printed part with the 
antennas was mounted immediately onto the rigid frame of the bracelet before the 
ink had time to fully cure.  
 
Figure 7-8 Printed bracelet antenna 
  116 
Chapter 7 - 3D printed bracelet antenna 
The bracelet was then checked for any errors in the printing or assembly which 
included a continuity check on the antennas being as they were moulded onto the 
bracelet. In the first attempts, there were cracks and open circuits along the antenna. 
The next step was to add the connectors, a set of SMA connectors were used. They 
were connected using some silver glue to connect the pin of the connector to the 
printed antenna and then using some strong epoxy glue the connector was mounted 
onto the body of the bracelet. 
For comparison, the antenna on the bracelet was also fabricated using the Optomec 
machine onto a 3D printed substrate. The middle section of the bracelet was printed 
using a white PLA plastic from 3D FilaPrint with a layer thickness of 100 microns. 
The antenna design was printed on the surface of the printed PLA and then cured 
using the PulseForge, this process is discussed in more detail in chapter 8.3. The 
printed antenna was then electroplated to achieve full conductivity and tested. 
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7.3.1 Surface roughness 
The surface roughness was collected to investigate the differences between the 
surface profile of the printed plastic and the printed ink. The calculation of the 
surface roughness was done on a TalySurf CCI which provides ultra-high resolution 
interferometric measurements for non-contact surface roughness. The surface of the 
printed PLA and the silver ink were tested with the results shown below. 
  
  (a)      (b) 
 
   (c)      (d) 
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The results from figure 7-10 show that the surface of the printed plastic PLA has a 
surface roughness of 7.585 microns which is understandable because this type 
printing is not known for its smooth finishes. The surface roughness of the silver ink 
displayed a roughness of 1.917 microns which is significantly smother than the PLA, 
this indicates that when the ink is deposited onto the plastic, it levels out, filling in 
most of the gaps along the surface. It also shows that the lines of ink that is deposited 
next to each other bond together, without creating any ridges or unleveled surfaces. 
7.4 Testing 
hroughout the testing stage, one of the issues arose being the tensile 
strength of the glue connecting the connector to the antenna. As they were 
connected to the VNA for testing, the stress on the connectors was all 
focused on the glue holding the connector to the antenna. Over time, the glue could 
not hold the connector to the bracelet and it broke off.  
 
 
Figure 7-11 Printed bracelet with a broken off SMA connector 
To correct the currents along the transmission line and give more support when 
testing the antennasDEDOXQLVXVHGWRµEDODQFH¶DQXQEDODQFHGV\VWHPWKLVDGGLWLRQ
of the balun requires the model to be altered in order to support the extra weight. The 
rigid section of the bracelet was extended at the location where the feeding of the 
antenna meets, as to hold the balun connector. This is shown in the figure 7-12. 
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Figure 7-12 The addition of the Balun connector 
Used to suppress unbalanced surface currents from the coaxial cable for the radiation 
measurement purpose. The bracelet was then tested using a VNA to measure the s 
parameters and using an anechoic chamber for radiation patterns.  
 
Figure 7-13 Reflection coefficient of the Optomec printed antenna, with and without the body 
The reflection coefficient results from figure 7-13 show the differences between the 
antenna worn on the body and in free space. At the lower 2.4 GHz frequency, both 
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scenarios show similar performance as the simulations with the free space and on 
body resonating at about 2.39 GHz at -32 dB and 2.38 GHz at -27 dB respectively. 
On the other hand, at the higher 5.5 GHz frequency the results are slightly different 
than the simulations, still covering the 5.5 GHz band, although it seems to be shifted 
to the left slightly, for the free space resonating at 4.54 GHz with a null of -15 dB. 
 
Figure 7-14 Reflection coefficient of the 3D printed antenna, with and without the body 
As for the results for the low-cost 3D printed antenna, the results for the free space 
and on the body in the lower frequency show 2.53 GHz at -21 dB and 2.51 GHz at -
37 dB respectively. As for the higher frequency, the results for the free space and on 
the body show resonating at 5.97 GHz at -40 dB and about 5.5 GHz at -17 dB 
respectively. There seems to be a shift to the right in both frequencies but they still 
cover the desired 2.4 and 5.5 GHz bands. 
All results obtain the 2.4 and 5.5 GHz wireless LAN band. They have frequency 
range of from 2.25 to 3.05 GHz at the lower band and from 4.1 GHz to 7 GHz at the 
higher band. 
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The radiation patterns of the antennas were measured and normalised at both 




    
(b)      (c) 
Figure 7-15 Measuring the antennas when on the wrist; (a) Measuring S parameters, (b, c) 
radiation pattern measuring in the anechoic chamber 
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The radiation patterns for all three of the antennas were measured on the body, the 
bracelet was worn and then the cables were taped as to not make it move. The tape 
used was regular masking tape as to not distort the results, the hand was lifted above 





Figure 7-16 Radiation patterns for the three 3D printed antennas at (a) for 2.4 GHz and (b) for 
5.5 GHz with the hand up 
  123 
Chapter 7 - 3D printed bracelet antenna 
Figure 7-16 show the directional radiation patterns when worn on the wrist, the 
results show it is clear that the human wrist provides the backward attenuation of the 
radiation patterns. The measured gain with the human wrist at 2.4 and 5.5 GHz are 
higher than the free space. 
 
7.5 Conclusion 
n this chapter, a dipole antenna was designed and printed three times using a 
modified 3D printer on a substrate that was wrapped around a wrist as a 
bracelet. The transmission response was compared between on the body and in 
free space. The results for the 3D printed bracelet were also compared to a different 
type of fabrication process. 
The 3D printed fabrication of this antenna has put the method to the test in several 
ways, including printing thin layer substrates, and depositing silver ink to form small 
features within the antennas and finally being able to conform the silver ink along a 
curved surface without breaking the cured ink. This was a good example to show the 
advantages of additive manufacturing in a customized conformal structure.  
The antenna was designed and optimised with the coverage of 2.4 and 5.5 GHz 
WLAN band in free space and when worn on a human wrist. Due to the close 
proximity of the human body along with its movement, the performances of the 
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ome believe that in the future, electronics will be a part of our human body 
[1] and will become a networked integration of various sensors, actuation, 
computation, storage and communication. It all started with the concept 
called Internet of Things (IoT), where various devices are connected together 
WKURXJKDYDVWQHWZRUNWRDµFHQWUDOLVHG¶FORXGWKDWDFTXLUHVDQGDFWVRQWKHGDWD 
One of the main branches of IoT is communication which plays a vital role by 
sending out and receiving information. Several types of antennas are used depending 
on the situation and the application. 
Antennas on the human body in the form of tattoos have been researched [2], the 
antenna that was used is a RFID tag placed on the skin. The issue with placing an 
antenna on the skin is that it is susceptible to a great deal of strain and therefore can 
break easily. The best alternative is placing it on a solid and flat area on the body 
where it can be protected and the only part on the human body that is solid and flat is 
the nail. The nail has a limited space so therefore limits the type of antennas that can 
be used. 
The antenna that is designed is a microstrip patch antenna to be placed onto the 
finger nail. The idea to this was that the antenna could be connected to a storage 
device on the body and the antenna allows close electronic devices to access it. Using 
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higher frequencies, allows for a higher bandwidth and faster transfer speeds to 
memory devices.  
8.2 Antenna design 
he design of the microstrip antenna is shown below with the dimensions 
mentioned below in figure 8-1. 
 
Figure 8-1 Nail patch antenna design 
The antenna was matched at the frequency of 28 GHz and at these higher frequencies 
the feature sizes of the antenna are really small. The dimensions of the patch antenna 
is shown in table 7 
Table 7 Dimensions of the patch antenna 
Variable Wp Lp Lm Wm x y 
Dimension (mm) 3.72 3.25 10.00 1.10 0.44 1.06 
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The results for the simulated S11 response and radiation patterns are shown in figure 
8-2 and 8-4 respectively. The patch antenna has a resonant frequency of 27.93 GHz 
with a 4.5% bandwidth at the -10dB level. 
 
Figure 8-2 S11 of the nail antenna 
 
 
Figure 8-3 3D radiation pattern for the patch antenna 
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Figure 8-4 Simulated radiation patterns: (a) xy plane, (b) yz plane 
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8.3 Fabrication 
ue to the sizes of the features on the antenna, the modified FDM 3D 
printer with the silver ink dispenser was not able to print to that degree of 
accuracy. The antenna was therefore fabricated using a variety of 
machines at CPI, using the Optomec to layer down the silver ink onto the substrate 
and then cured using the PulseForge machine.  
 
 
Figure 8-5 Illustration of the operation of an aerosol Jet machine 
 
Due to the type of ink that is used in printed electronics, the pneumatic Atomizer is 
utilised. The Optomec machine is a reliable and constant manufacturing technique 
that controls the air pressure at various stages throughout the machine. The first stage 
is at the atomizer container, which holds the liquid material that will be printed with 
and then at the impactor, which is the tubing between the Atomizer and the 
deposition head and finally at the deposition head which is called the Sheath. All 
three air pressures should be at a specific value for them to work together, they can 
vary depending on the size of the nozzle on the deposition head and the type of ink 
that is used. 
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Within the Atomizer the ink is constantly being jetted onto the side of the container, 
which therefore creates a mist of ink particles and surrounds the top of the container. 
The controlled air pressure of the Atomizer then allows these particles to leave the 
container and through a thin tube, by creating a pressure difference between the two 
sections the particles travel through the tube and towards the deposition head. The 
Sheath gas air pressure is controlled to focus the travelling particles through a thinner 
diameter nozzle. 
The formula for calculating the total air pressure within the system is; ܶ݋ݐ݈ܽ ൌ ሺߙ െ ߚሻ ൅ ߛ 
Where 
Į = Atomizer pressure 
ȕ = Impactor pressure 
Ȗ = Sheath pressure 
The efficiency of the Optomec machine can vary from slight changes in these values, 
therefore there is a lot of trial and error. The printing process started with an 
AutoCAD (dxf) file which had the outline design of the antenna, using a proprietary 
modelling software, the infill co-ordinates were selected. The infill was designed to 
create a criss-crossed infill pattern. Once the layout is finalised, it is sent to the 
Optomec software where it will control the machine and start printing. 
As the Optomec can only operate in an enclosed area and due to health and safety 
reasons, the printing could not be tested on a pHUVRQ¶VILQJHUQDLOV7KHUHIRUH IDNH
FRVPHWLFQDLOVZHUHXVHGWKHVHKDGWKHVDPHVL]HDQGFXUYDWXUHDVDKXPDQV¶QDLOV
The nails that were chosen is shown in figure 89 
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Figure 8-6 The fake nails that were used to test the antenna 
The Optomec machine does not have the ability to change the Z-axis height whilst 
printing and has a curved tolerance of 4-5 mm, therefore the nozzle was adjusted to 2 
mm above the peak of the nail. Initially there was speculation that the ink will not 
adhere to the surface of the nail due to the curvature and that the ink requires a longer 
time to dry. A variety of tests were conducted to change the surface tension of the 
nails; applying a layer of nail glue to the surface before starting a print and using a 
nail filer along the top surface of the nail.  
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Figure 8-7 Printed antennas using the Optomec machine 
After the antennas were printed on the nails using the Optomec, they were left to dry 
for 24 hours and then were taken to get cured using the PulseForge machine. The 
PulseForge is another machine that is susceptible to minor changes in the settings, it 
is controlled using two variables; the voltage and the length of the pulse. As this was 
a 3D shape and has not been done before, the variables were experimented to see the 
best values. With the optimum values coming to 310 V at 400 µs, even though these 
were the best values, not all the nails yielded reliable results. To test if the ink was 
cured on the nail, a multi metre was used to measure the resistance levels. The aim 
was to get as low as possible and therefore several pulses were delivered. The issue 
that arose was that when several pulses were delivered to the nails, there would be a 
point where the energy was too much and would evaporate the ink off the surface of 
the nail and therefore destroy it. The margin between fully cured and too much 
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Results 
The fabrication of the antenna did not work every time; therefore, several iterations 
were made with various changes to the surface of the nails, the printing settings and 
curing parameters in order to achieve acceptable results.  
The surface of the nail is very smooth, measurements in the next section indicate that 
the surface roughness of a plain nail to be 3.77 microns. It was then decided to see if 
changing the surface of the nail could help the ink adhere to the surface and give a 
reasonable conductivity. The nail had a layer of nail glue applied to the surface 
before it was printed on to increase the surface tension. The glue was applied in two 
different techniques; to be brushed on using the supplied sponge and using a cotton 
bud, the glue was dotted onto the surface. Another technique to change the surface 
tension is to use the nail file along the surface of the nail and this was done in a 
controlled number of scrapes. After the antennas were printed, they were cured in the 
PulseForge and their resistivity measured. The results are shown in figure 8-8 
 
Figure 8-8 Nails with different surfaces 
The graph indicated that there was still a major variation within each of the different 
surfaces of the nails, although it was noted that the filed or scrapped nails did not 
yield as many reliable results as the nails with and without glue. It was decided to 
continue focusing by printing on the nails without anything on the surface, the graph 
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in figure 8-9 shows the range of resistances on the nails without any glue on the 
surface. ,WLVFOHDUWKDWWKHUHLVQ¶WDconsistent value from the fabrication process. 
 
Figure 8-9 Resistance levels on nails without glue 
The next change in the fabrication process was the printing settings of the Optomec, 
the number of layers of ink that was deposited was increased to see if the 
conductivity would improve. By increasing the number of layers on the surface, the 
size of the features within the antenna tend to get destroyed. This was fixed by 
reducing the amount of ink that was deposited onto the surface, in order to deduce 
the amount of ink, the total amount of air pressure within the system had to be 
altered. 
The pattern of the layering was also a factor, due to the shape of the antenna and the 
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Surface roughness 
The surface roughness of the nails and the printed ink was collected to see the 
differences between the stages. One of the nails was tested first without any added 
material and the surface roughness turned out to be 3.774 µm. The results can be 
seen in figure 8-10, where there is also a 3D representation of the surface of the nail. 
The data is focusing on a small section of the nail; measuring 250 x 150 µm, which is 
the same for all samples collected. 
  
   (a)      (b) 
 
(c) 
Figure 8-10 Surface roughness of a plan nail; (a) dimensions of the selected area, (b) data 
results, (c) 3D representation of the surface 
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The surface roughness of a printed antenna was also collected, in figure 8-11, the 
data indicates that the surface roughness of the printed material is 3.163 µm. This 
result is lower that the plain nail surface and that the material, when printed and 
cured flows over the rugged surface of the nail and leaves a flat surface of ink. The 
difference between the values is very miniscule, therefore some of the printed 
material could be the same as the plain nail. 
 
   (a)      (b) 
 
    (c) 
Figure 8-11 Surface data from a printed nail; (a) dimensions of the selected area, (b) data 
results, (c) 3D representation of the surface 
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Printing defects 
During the printing and curing process some of the printed nails encountered 
imperfections in the edge definitions and continuity across the surface of the nails, to 
investigate the issue, a digital microscope was used to focus on the quality of the top 
side printing. Some of the samples were examined and pictures were recorded, as 
shown in figures below. Figure 8-12 shows that one of the samples had an edge 
definition issue where the ink of the patch antenna would bleed out from the corner. 
Although the main issue that was observed in a few of the samples were long 
consistent cracks along the surface of the ink this was observed mostly after the 
curing stage. In figure 8-14, the cracks along the surface of the ink can be seen, these 
cracks tend to mainly run vertically which could indicate that they are running along 
with the curvature of the nails. Due to these cracks, the antenna will not operate 
because of lack of continuity. The cause of these cracks was not immediately known 
because it could be linked to several reasons. 
One of the reasons for the cracking on the surface of the ink could be from the time 
between when the nails are printed on the Optomec to when they are cured using the 
PulseForge. The nails are transported to the PulseForge machine on a glass substrate 
which means that the nails are exposed to changes in temperature and environment 
when they are removed from the controlled chamber of the Optomec machine. The 
results were improved slightly when it was decided to leave the printed nails in the 
Optomec chamber for about 24 hours before moving them to the PulseForge, this 
allowed the ink to dry uniformly without intervention. 
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Figure 8-12 Corner of the patch antenna 
 Another reason that the ink surface cracks is the power of the curing stage. The 
intensity of the PulseForge curing might be too strong on the nails, in which, what 
happens is that as the molecules of the ink is curing, they are trying to get closer and 
thHUHIRUHFUHDWHVµSRFNHWV¶DORQJWKHVXUIDFHRIWKHLQN7KLVFRXOGEHSODXVLEOHZKHQ
looking at figures 8-12 and 8-13 DVVRPHRIWKHµSRFNHWV¶RUEXEEOHVMRLQXSWRWKHLU
adjacent ones. Although not all turned out the same even though they were printed 
and cured with the same settings. Some of the nails were seen to have quite 
substantial cracks measuring a width of at least 30 µm, seen in figure 8-15.  
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Figure 8-13 Zoomed in photo of the pockets on the surface of the printed material 
 
Figure 8-14 Overview of the level of cracks on the surface of the printed material 
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Figure 8-15 Zoomed in photo of one of the cracks seen on the surface of the printed material 
The cracks seem to be clean-cut which indicate that the crack was caused from a 
sudden change, which also could imply that the PulseForge was the cause. The 
PulseForge machine cures well when the printing of the material is done uniformly 
without major variations on the height of the material, moreover having a flat 
surface. As the nails are curved, the ink is not being exposed equally and therefore 
the top of the antenna could be receiving more power than the sides. 
 
8.4 Testing 
fter the antennas were printed on the nails and cured, a ground plane was 
added to the bottom layer of the nail to complete the antenna. For the 
higher frequency antenna, a high-end connector is required; the connector 
that was used is the 2.92 mm End launch female connectors from Southwest 
Microwaves which is designed for high frequencies.  
A 
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Figure 8-16 Nail antenna (a) ground plane attachment, (b) nail surface cut 
The connector created issues as to how to be connected to the nails, the connector is 
made for flat surfaces to be connected to and when the curved nails were inserted, 
they would fall out. The solution that was implemented was to cut off two pieces 
from the sides of the nail to allow for the nail to slide into place and the two side 
screws to close. This was not a perfect solution but there was a sufficient connection 
WR WKH DQWHQQD IRU WKH WHVWLQJ 7KH DQWHQQD¶V WUDQVPLVVLRQ UHVSRQVH DQG UDGLDWLRQ
patterns were measured.  
  142 





Figure 8-17 Attached connector (a) front view, (b) top view 
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Figure 8-18 Transmission response of the nail antenna 
The antenna was tested on a VNA and figure 8-18 shows the S11 transmission 
response, the graph showed that the antenna resonated at 25.9 GHz with a null of -50 
dB. The patch antenna was designed to operate at 28 GHz and the result is a big drop 
shift in frequency. The -10 dB level bandwidth ranges from 25.4 to 26.3 GHz. 
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Figure 8-19 Antenna radiation testing rig 
The nail antenna was also measured in an anechoic chamber for the radiation 
patterns. Figure 8-19 shows the test setup of the antenna; the antenna was measured 
in two orientations; the yz and xy planes. The results are compared to their 
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Figure 8-20 Measured and simulated radiation patterns (a) xy plane, (b) yz plane 
 
Transmission line losses 
To understand the losses within the material, a transmission line was fabricated and 
measured. The figure 18-21 shows the connectors connected to the printed 
transmission line, and the transmission response. The graph shows that the material 
had about a -3 dB loss. 
 
(a) 
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(b) 
Figure 8-21 Transmission line (a) printed with the connectors, (b) transmission response 
 
8.5 Conclusion 
his chapter discussed the fabrication and measurement of a patch antenna 
printed on a nail that resonates at about 26 GHz. The antenna was printed 
using the Optomec machine and cured using the PulseForge, the fabrication 
results were definitely not constant, resulting in many issues. The optimum results 
showed that printing on a plain nail with two print passes and leaving it to dry for 
about 24 hours is the best for the Optomec, as for the PulseForge a setting of 310 V 
at 400 µs. 
The nail antenna was grounded and a connector attached, the nail was tested for its 
transmission coefficient response and the radiation patterns. The nail was originally 
designed to resonate at 28 GHz but after testing found out that it resonated at 25.9 
GHz, this could have been because of several fabrications and measuring issues and 
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n this thesis, the purpose was to show that a low-cost 3D printer is a viable way 
to fabricate antennas and RF structures. The description of the research and the 
steps taken during the work were presented along with the theoretical and 
literature information to back the assumptions and considerations made. It is 
hoped that the techniques demonstrated in the thesis will pave the way for the rapid, 
on-demand low-cost manufacture of high-functioning 3D printed RF devices in a 
single multi-material machine. A detailed account of the process of the printer was 
mentioned along with the investigation of a range of antennas and RF structures. The 
printer was a modified FDM printer with a pneumatic dispenser connected to it, the 
metallic material used in the project is a silver ink purchased from Voxel8. The 
simulations along with the experimentations in the designing required were 
highlighted. The variety of fabricated RF devices discussed in this thesis were two 
FSS element structures, a CP patch antenna, a dipole antenna and a nail patch 
antenna, which were all compared to their simulations and their performance 
discussed. This chapter provides a summary of the conclusions raised from the 
research. 
I 
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The research started with a literature background in the variety of additive 
manufacturing techniques employed by companies and their benefits. The literature 
review also discusses a plethora of previously fabricated antennas and their 
performances.  
In chapter 3, the various RF devices that will be investigated throughout the thesis 
are discussed along with the required theoretical calculations needed to design them. 
In addition, this chapter dives into the background information on antenna analysis 
and what is required for them to perform. 
Chapter 4 discusses the details of the modified 3D printer that is used in this project 
and the calibration process required to achieve reliable results. The chapter started by 
introducing the printer and its characteristics from the materials used to the detailed 
firmware uploaded to its microcontroller. The components chosen were justified to 
suit this projects application, therefore the printer was modified which was done by 
designing and printing several sections within the printer. The pieces needed for the 
printer were printed using another 3D printer to fulfil the aim of keeping it low-cost. 
The second extruder is setup as an experimental extruder which therefore had to 
undergo several calibration processes. A couple of improvements were also 
discussed as a result of the calibration steps. 
Chapter 5 discusses the first RF device fabricated using the 3D printer, which is an 
FSS structure. Two variant elements designs were noted, a loaded cross dipole 
design and a square looped design where the latter was fully fabricated and tested. 
The original design of the loaded cross dipole discovered a couple of issues in the 
fabrication process and therefore the design of the element was modified to a simpler 
square looped element. The issues in the first design highlighted some of the 
limitations in the printer and were addressed in the second element. The square 
looped element was designed to match at 2.7 GHz frequency band. The substrate 
printed with a height of 0.8 mm and then an array of 5 x 6 elements on top. The FSS 
structure was measured to show that it operated at 2.73 GHz and nulls deeper than 
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the required -10 dB level, with a depth of -30 dB. The FSS array also showed good 
performance stability in the angle of incidence, with a slight shift in both the TE 45 
and TM 45. Overall, it was a successful fabrication of a FSS structure. 
Chapter 6 discusses the fabrication of a CP patch antenna used for GPS applications. 
The single fed patch antenna was designed to resonate at the 1.575 GHz frequency 
band. The 100 x 100 mm substrate was printed with a height of 3 mm and then a 
single layer of silver ink measuring about 60 x 57 mm was deposited on top using the 
modified 3D printer. A grounded plane was adhered to the underside and with a 
SMA connected, the patch was tested. The antenna performed well with a slight shift 
in frequency to the left, resonating at 1.548 GHz although at the -10 dB level 
bandwidth covered the desired frequency. The patch antenna also had a second 
resonance shift at 2.25 GHz where the simulated frequency was at 2.29 GHz. The 
slight shift in frequency could be due to a combination of fabrication and measuring 
tolerances, as the simulation gives the optimum values. The axial ratio was also 
measured to show a slight variation from the simulation, at 3 dB level the measured 
frequency at 1.582 GHz which is slightly higher which could be linked to the 
fabrication and measurement tolerances. 
Chapter 7 discusses the investigation and fabrication of a wearable bracelet antenna. 
The antenna chosen was a dipole antenna resonating at 2.4 and 5.5 GHz frequency 
bands for WLAN communications. The dipole antenna arms were folded as to reduce 
the antenna footprint, for full radiational directivity the antenna was duplicated 
around the bracelet to give a total of three antennas. The fabrication process of the 
bracelet was split into two separate models and then adhered together at the end, one 
part was printed using rigid material and the other using a flexible variant. The 
antenna was also fabricated using a more expensive technique; the Optomec jetting 
technology and the results were compared. The transmission coefficients of both 
techniques were measured and analysed, the results showed that it compared well 
with the simulation in both of the frequency bands. The Optomec results showed the 
free space and on body resonating at about 2.39 GHz at -32 dB and 2.38 GHz at -27 
dB respectively for the lower frequency and higher frequency were slightly different 
at free space resonating at 4.54 GHz with a null of -15 dB. With the 3D printed 
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bracelet having slightly better results in the higher 5.5 GHz frequency, resonating at 
5.97 GHz at -40 dB and about 5.5 GHz at -17 dB for free space and on the body 
respectively. As for the lower frequency, 2.53 GHz at -21 dB and 2.51 GHz at -37 
dB in free space and on the body respectively. The radiational patterns were also 
measured for the 3D printed bracelet antenna, which showed that the human wrist 
provides the backward attenuation. The surface roughness of both the 3D printed 
PLA and the silver ink track were collected, which surprisingly showed that the 
deposition of the silver ink created a much smoother surface compared to the printed 
PLA surface. Overall, the antenna fabrication was a success, with a few issues in the 
fabrication but the final outcome showed favourable results and possibilities into 
conformal and embedded antennas. 
Finally, in chapter 8, is the fabrication of an antenna on the human nail for the full 
wearable antenna realm. The chosen antenna was a patch antenna printed directly on 
the nail, due to health and safety reasons a fake French nail was used to replicate the 
scenario. This experiment was targeting the 5G frequency bands for the world of 
higher data rates and bandwidth, therefore the target frequency was set at 28 GHz. 
The antenna was fabricated using the Optomec and the PulseForge, which are a 
micro-jetting and curing machines for printed electronics. An investigation was 
conducted to see the best printing and curing conditions of the nails, the nails were 
then grounded and a connector added. The transmission coefficients and radiation 
patterns of the antenna measured and compared to the results. The transmission 
coefficient results showed that there was a shift in the frequency, where it was 
radiating at around 26 GHz. This major shift in the frequency was most likely due to 
a collection of factors adding together. Starting with the fabrication process, it did 
not yield constant results in terms of continuity and print definition. The connector 
for the nails created issues, as the nails were curved and the connector that was 
required is usually used for flat surfaces, the connection was not very secure and 
therefore when testing produced fluctuations. Although the author recons that the 
main factor that influenced the change in frequency is the value for the dielectric 
constant of the nail material, where it was assumed to be at 2.4. Where if it was 
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increased to 2.7 and with the same antenna dimensions, the simulator showed that it 




Conclusions and future work 
The key conclusions from this thesis are as follows: 
 
x The use of a low-cost 3D printer such as an FDM machine can be easily 
modified to equip a second experimental extruder. The mechanical design 
allows for accessible alterations within the structure and the movement of key 
components such as the extruder motor and the extruder carriage. The fact 
that it has open-source firmware also allows for easy changes and frequent 
updates in the operation of the printer. The only drawback in using this 
technology with this project is the level of accuracy and resolution of the 
printed models, when striding towards antennas with higher frequencies, the 
features become significantly smaller and therefore the accuracy is required. 
Although there are some FDM machines that have demonstrated high quality 
results but come at a higher price tag. 
x The integration of a pneumatic dispenser with the 3D printer has been proven 
successful, with the SULQWHUV¶ microcontroller controlling the operation of the 
dispenser. The dispenser that was chosen suited this application because of its 
ease of connection to the microcontroller. The Techcon dispenser was also 
able to sufficiently dispense the silver ink from the tube with its wide 
pressure levels.  
x The use of the silver ink from Voxel8 was definitely an advantage in this 
project. The electrical characteristics of the ink suited this application very 
well, resulting in only requiring a maximum of two layers of ink for 
acceptable conductivity. With large areas such as the patch antenna for the 
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GPS, only required one layer of ink to have the antenna operate at the desired 
frequency. 
x The FSS operated well although had a slight shift in the frequency, this was 
mostly due to the tolerances of the silver ink on the printed substrate. 
Therefore, to future improve the structure, the upgrade to a more precise 
pneumatic dispenser could prove beneficial. Also, an investigation into 
different element shapes and possibly multi-layer elements might be 
interesting. 
x The printed bracelet antenna has proven that the ink can be moulded into a 
specific shape, an investigation into different shapes may be compelling for 
complex antenna structures. 
x Based on the measurements that were collected, 3D printing of the materials 
is a viable option for future electronic, RF and microwave devices.  
Overall, a low-cost automated multi-layer multi-material printing within one 
machine is proven possible, the collection of antennas and structures printed using 
the machine showed similar performance to that of printed using traditional methods. 
  








unsigned long DIR_SIGNAL; 
unsigned long STEP_SIGNAL; 
unsigned long EN_SIGNAL; 
 
//output is connected to a 1k2 then base of the NPN transistor 
//while the controller is connected to the collector and the ground 
void setup() { 







void loop() { 




if (STEP_SIGNAL > 1 && STEP_SIGNAL < 21){ 
  digitalWrite(5,HIGH); 
  //delay(10); 
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//  digitalWrite(3,LOW); 
} 
else { 
  digitalWrite(5, LOW); 
} 
state = digitalRead(5); 
Serial.print(EN_SIGNAL); 
Serial.print(" | "); 
Serial.print(DIR_SIGNAL); 
Serial.print(" | "); 
Serial.print(STEP_SIGNAL); 
Serial.print(" | "); 
Serial.println(state); 
 
//delay(500); 
}  
 
